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PREFAC E

The following document was intended to serve as a reference manual
which will enable the reader to gain a quick understanding into the design
and working arrangements of the Space Shuttle Entry and Approac h Test

• simulation as used on the Simulator ~or Aircraft Flight Test and Development
Simulation Benchmark . By reading through this report he is expected to
know how to mak e use of the program and to find his way around in case any• modification/addition is comtemplated. In brief , the main purpose for this
report is to insure a smooth transferability from the or~ginators to the
users with a minimum period of learning and associated delay .

The program was written in Fortran for the SEL 32/5 5 digital computer
with 48K 600 nsec memory equipped wit h floating-point hardware and tied to
a functioning mock-up of an aircraft cockpit . Some part of this program
was coded in Assembly language to improve the execution speed . Therefore
the package cannot be transferred to another type of machine without some
re-programming efforts.

Significant contribut ions to all phases of the simulation and report-writing
were made by the following personnel:

Mr. Richard Hansen, Supervisor
Mr. Steve E . Louton , Engineer
Mr. Larry V. LeDuc , Engineer
Capt . Charles L. Bozeman , USAF
Lt. Douglas V. Palmer , USAF
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1. INTRODUCTION

The Shuttle software package is a general-purpose real-time
digital computer program that simulates all aspects of the flight :
aerodynamics, flight control system connected to a cockpit for
man-in-the-loop operation . The Space Shuttle mission profile is
composed of many modes. They are very briefly: ignition 6 lift-
off, pitch initialization after about 6 seconds, staging 122
seconds after lift-off (in the neighborhood of 235-nautical-mile
altitude), external tank separation 6 disposal then orbit inser-
tion. On the way back to earth the mission can be subdivided
into: deorbit phase at 160—nautical—mile altitude, entry mode
starting at 400,000ft, terminal phase starting at 50,000ft and
finally landing and touchdown. The simulation contained in this
report is devoted to the last two phases: Entry (beginning at

• l~0 f t)  and Terminal Area Energy Management (TALM)

Handling quality constitutes the main objective of this
study. It does not address the Shuttle 5 s full mission nor does
it simulate the navigation to pinpoint a landing site. Actual
touchdown will not be simulated because the model does not
include ground effects, the lowering of landing gear assembly
and nose wheel steering. The Space Shuttle simulation described
in this report is designed for training and contractual accept-
ance of procured simulator hardware. It is different from the
Shuttle simulation used by the AFFTC Office of Advanced Manned
Vehicles which is used for development and fli ght testing of
the Shuttle.

I’
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2. MATHEMATICAL MODEL

• I3y wr i t ing  the aerodynamic equations , three exp licit coordinate
systems are used . They are H—fram e ( f li g h t — p a t h  axes for describing

• orbital mechanics), body—axes and earth axes. The choice of

various coordinate systems is made to enhance the relative

computational accuracy of each segment of the model. For example,

it makes no sense writing the vehicle rotational equations in any

coordinate system except the ones with an origin residing within
the vehicle itself such as body—axes, stability axes, or wind axes.

The transformation from body—axes to earth-axes is accomplished
with a matr ix  composed of direction—cosine terms . These direction
cosines are listed below but they are not explicitly evaluated in

the program .

L1 cos O cos~ ji

(2— 1)

R.3 = —sin 0

= —COS 4 sin ~, + sin • sin 0 cos ~

m., COS 4) COS i~ + sin 4) sin o cos ~ ( 2 — 2 )

m1 = sin 4) cos e

= sin 4) sin 4i + cos 4) sin 0 cos ~I,

—sin • cos tp + cos 4) sin 0 sin 4.1 ( 2 —3)

= cos 0 cos 4)

The angles 8, 4) and ~p represent the pitch , roll and yaw angles.
Together they are commonly referred to as the Euler angles.
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• For clarity, the model equations are arranged in groups , each

group descr ibing an aspect of the f l igh t . Subscripts 11, L , and E

stand for the three coordinate systems mentioned earl ier . what—
ever symbol not expl ici t ly named can be found in alphabetical
order under Chapter 8

2 , l Ae rod y namic equations: Acceleration terms in body—axis
reference frame are the results of thrust  vectors T , ~~~ and “

,.

The subscript “G” stands for  landing gear and even though there
is no engine , the thrust terms are included in the equations for
completeness .

= ~~~ [Cc 

C 

2 

CC (~~e) L 
+ 

C (6DF) 
+ 

C

+ c
G j  +~~i

= ~~ 
{ (c ’, ( 6SB — 6SB~~ M ) + C.1, ~ ór + C,~. (óa) ( 2 —4)

m 6r 6~~ 6r

T .
+ C . ~, ( B )

B

Z~ ~~~~ 
[C~ + 

C~, ( s e)  + 
CN D~~ + 

CN (6SL

• T

0( 1 )  0

Note that  the subscript “N” refers  to the normal force as opposed
to subscript “n ” which is associated with yawing—moment coefficients.

Resolved into the earth—axes reference frame , these acceleration
teros become , a f t e r  compensation for the  ea r th ’ s oblateness

r
= X~ L1 + Y

~
m1 + ZBnl - 3J2g0 ~~ cos ~ sin 17

• 
~
‘E X~~,, + Y1,m,, + Z1~n2 ( 2 —5)

= X 1, 2...~ + + Z~n3

~~~ A1~~~-—~’~- ~~~~~~~ ~~~~~ —- - i 
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17 and J ., are t h e  cola t i t ude  (~ — — L) and the  measure of ear th

oblateness respectively. The dynamic pressure q in the above

equa t ions  and other related term s such as Mach number and the ma ss
m are de f ined  below .

7j = 1 pv 2

- 
Mach = ; a = sonic speed ( 2  _ 6 )

‘ r
M _____

g0

Here , \
() 

and stand  for  t h e  veh ic le  empty v.’eight and fue l  weight

r esI)ect ive ly .  Also t he  airspeed V , wh ich  is no rma l ly  obtained by

~~~~~~ ~. 2  can simply he established by

= cos a • cos ~ 
( 2 7 )

L a t i t u d e  L and longitude A are der ived f rom the  l a u n c h i ng— p o i n t

coord ina te  CL 0, A 0 ) and t h e  e a r t h ’ s ro ta t ion

L L0 Ut

A = A 0 +Io

t 

[r ~~~~~ 
— 

~e] 
dt ( 2 -8)

2 • 2 O r b i t a l  & Suborb i ta l  Equat ions :  First  consider t he  o rb i t a l
phase . LOt l>e the angle between the direction of travel and
t rue  no r th  and r the vehic le  a l t i t u d e  measured from t h e  earth center .
Lrt  (x H ,  ~~~ 

be the  local plane pe rpend icu la r  to the  l i n e  of r
(or z,1) such t h a t  x 1. is pointing in the general direction of travel

and Y 1{ p erpendicu la r  to (x 1~ , z11) to form a right—handed triad (see
ref. 9.1.3) Then

• r~~ = (rE11)0 + J r.~ .dt
2 — ~r +

~~~~.

= ~~~ +j —~ tan  L + -
~~~~ Ut

• ° J o  
r
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W11 W11 + g + z11J Ut

6R~ + ( — ~V11)dt
.10

— 
(rU )U11 H
r

Where
r = r0 + oR (OR measured from sea level)

= ~~ COS *11 + Yr Slf l

( 2 —10 )
= —X 1, sin + Y

~ 
cos

Zj i = z ~

And the veloci ty  and the gravi ty  terms are obtained as follows

E~ = U~ CO S

V = u  in ’E II “II ( 2 — l i )

= 
~ hI

= ~O (r 0)
~~ — 

~~~~~ 
(
~~)4 ~~ ~~ i)~ — 

(U 11) 2

Next , consider the suborbital  phase

C = P + ~T 0 + ~
I 0

B EA 1  E A 2  ‘E 3

V = U  m + \ ~ + \ ~S S A l  E A 2  ‘5 3  ( 2 - 1 2 )

= U~~~n~ + VEA n2 +

9
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where t h e  e f f ec t ive  airspeeds EFA and Vl~A are de f ined  in terms of
the nor th  (W U ) and east 

~~~~~ 
component of the wind shears. No

updra f t/ downdra f t  are included in t h is model . Values of and
are stored at 5 , 000 foot increments , f rom 0 to 100 , 000 feet

a l t i tude  where this simulation starts.

USA = LI: — Lu
( 2 —13)

VSA V5 - (r cos L )tA ) e

2.3 flotational Equations: The moments acting on the vehicle
are est imated about the body axes as shown below . Let 

~r 
be the

reference length  of the  vehicle . Let J5, J~ and J~ be the dimension—
less numbers of roll, pitch and yaw jet  f i r i n g s  and L1.. and L~ be

the rolling moments due to one roll and one yaw reaction jet
firing,respectively. Then

= 
q [C~ (P .,) + C~ (fl5)J + ~SU ( [C~ + C~~~~(Oe)

+ (c~ + C~ ) ( OSb — 25°) + C~ (655 — 000)

2 —14 )

+ (00) ) ( c )  + C9 (Oa) + C
~ 

(Or) }
Or

+ ri . £ [ (z
~10~ 

— ~ 
. Y 13 — . + (LR ) 

~R

~~~~ ~~~~ ~ (C 1 , )  + ~~~~~ 
~~~~ 

+ 

m ( OC) 
+

( 2 — 1 5 )

÷ C ( 655 6~iL~.0~i ) + C (651’) + C
OSP 651’

+ ACM ] + m • & r [ — (z r.o,i — 

~
) . + (X ~ :0~ , — 

~i) + (L~ )J~

.10

~~
-
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N = ~jSb 2 [C~ (P5) + C (fl11)J + ~ Sb{ [C~ (Oe)

+ (C~ + C~ ) ( 6S13 - 25°) + C~ (OSS — 60°)
B 6s5

+ C (~~G) + C ](B) + Cn (Oa) + [C~ ( 2 —16)
B iSa Or

+ C~ (~ B~) 1 ( O r ) )  + (37Cc — ~Y5) Cm) ~~~ 
+

r
B

• Appropriate reaction—jet terms can be added to the and N b
equations if later vehicles are so equipped . The mean aerodynamic

chord length is represented by ~ in the above equation . The
• symbol ~ represents the x—axia displacement of center—of—gravity

from an arbitrarily picked reference point . Similar definitions apply to ~ and ~~~~.

(cg~ - cg~ ) + ~ F 
~ 

+ sin 0r (~~ ) V5~ jo .!
0 ~N0M $ sin 0~ ) F

max !

= (CC y — cgy )
o ( 2 —17)

(cg~ — cg~ ) + WFo NOM F
max

Here, 0F the angle made by the surface of the fuel with respect to

the axis

z
~~~ + tan~~ ~~ ( 2 — 18)
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Using the moments L5, 1113,and N13, we can obtain the vehicle angular

accelerations about its own axes — — P5, Q13 and Il13

P13 ~L (L13 - Ixy (P13I0 Q13) + ‘Xz~’~13~I3 +

xx

+ Iyz (Qn
2 

- ~~
2 ) + Q13rt13(I~~ - 1zz~

+ 1
~ y ~~~~~ 

+ P13) 
- I~~~(P jj

2 
- ~~2)

(2 —19)

— - r113) + - Ifl)]

~
‘TI 1L. (N 5 - I~~~(Q 13

2 
- P13

2) - ‘xz~~D% — P13)

+ Iy~ (P~ R~ + Q~
) + 

~B~ B~
1XX -

where the inertia terms are defined as follows

- w
= — — F

w F

max

= = + 

( WF

hIF ) ~~Fmax
2 —20)

= — + 

~~~~ ) ‘ZZ F
max

= + 

(wF

t
~
1
~ ) ‘XZ F

max

~XY 
= + 

(
~ç~!_ )  ‘XYF

max
12
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= + 
( W

F ) 1YZ~
max

Fuel consumption and the weight of fuel are described by

Wp = _ (FT)T ; T = Thrust

r~. ( 2 - 2 1)
1’l = w  + /  W d tF F0 ~o F

By integrating the  angular  accelerations we acquire the angular
velocities P13, Q13 and Il5 (also known as the rolling rate, pitching
rate and yawing rate).

= “B ‘~f ~ 
P13dt

= + f  Q13dt ( 2 -22)

Il13 = 5B + f ~ 
R13dt

2 . 4 Other Pert inent  Equations: Euler angles namely pitch ,
y aw and roll , are calculated below . Notice that  this  formulation
will not tolerate a pitch angle 0 of ±900.

- 

0 = 0 0~
o ft (Q c o S ._ f l s i n ,)dt

+ r t
0 Jo  [P5 + tan 0(1113 cos $ + sin •)] dt ( 2 —23)

• 

~~~~~~~~~~~~~~~ 
f t . R 5 c o s $ + Q 5 sj n q 

dt
0 cos O

13

-
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Stability—axis angles, namely angle of attack a and angle of

sides]ip 8 can be computed as

cz tan~~ 
WB

(2—24)

tan~’ 
VB COS cm

US

Flight path angle

e — a cos • — B sin • ( 2—25)

Let be the given angle between true north and the RD vector;

then down range and cross range can be computed as:

= r0 [(L — Lr) cos 
+ (A — A0

) cos L sin
(2—26 )

= r0 ((L — Lr) sin + (A — A
0) cos L cos *R

]

Equivalent airspeed KEAS and calibrated airspeed KCAS

KEAS (v 
~~ 

) 3600 nautical miles •

KCAS = ~l . (SEAS) ( 2 —27)

The quantities v1 and v., are defined by the following empirical formulae:

f(x) ; x Mach number ( 2 —28)

f(x) ; x — (.001511) (l:cAs)

Where f(x) assumes the following form s

14



• 
• (~~~~ i + x 2 + x 4 + x C f o r x <  1.0

~~ icoo
• 1( x)  = ( 2 — 2 9 )

I ‘t f l .839 — .772 + .104 + .035 fo r x > 1.0
2 ~~ 4 6 —

x x x

Geometric altitude h and geopotential altitudc~

h = or + (sin2 5) Oh

= 
(r0) (h) 

(2 -~0)

~ r~~~+ h

Ka te of climb:

d (h) = —

~~~~ 

= — ( 2 —31 )
Ut I

Ai r d ensity can be approximated as a func t ion  of a l t i t ude , based
upon standard atmospheric data:

— Ii

— 

p (2— 32)
— p

0

15

~~~~ rdr~~ ~~T ’~~~ — 
- .~~~tf “ ~~~~~~~~~~~~~~~~~ ~~~~~~~‘ ~~~~~~~~ 

______



— -. 
•• zr— -

~~ • - — . - — - .- _—- 
~~~~~~~~~~~~~~~~ ~- • --.--~- •~~ .-t—• •~~~~-—-- • ,---•,-— • -•- 

3 • MAIN PROGRAM

No efforts are spared to organize the main program in a self—
explanatory manner. Parameters and data are grouped together

according to their roles and the omnipresence of the comment cards
should guide the reader through the program . It is suggested

that subsequent users do not deviate from the existing logical

organization when making modifications/additions, so not to

defeat the purposes. In order to simplify the loading process,

all parameters and data (including aerodynamic coefficients) are

stored in the main program , thus avoiding the use of COMMON blocks.

As indicated by figure 3 —1 , the main program is composed of

three parts: the initializat ion , the Ui—speed loop (starting from

statement 47), and the EASE subroutine designed to display and

modify any parameter of the main program . EASE was written to

allow interchange of parameters without the use of COMMON blocks.

3.1 Initialization: Most data parameters and initial conditions

are on punched cards to allow maximal flexibility on flight conditions

and vehicle configurations. All aerodynamic derivatives are stored

in the form of 16—bit normalized fixed point fractions. The detailed

• discussion of their handling will be covered under the heading of

“Funct ion Generat ion ” . Dur ing the in i t i a l i za t ion  phase the program
wi l l  ask the user if he is through with changing parameters before

entering into the next phase , by typing the question “ARE FURTHER

CHANGES DESIRED?” A “YES” answer will automatically call in the

EASE program. A “NO” answer will set in motion the high—speed

loop.

Not all parameters can be independently initialized . For
‘I

in stance l VE is called an “i ntermediate” variable because it is a
f unc t ion  of and U11. Thus the initial value of VE is determined

once the initial conditions of and U11 are specified, and vice versa.

3 . 2 Ili—Speod Loop: This loop is actuated by an interrupt

which occurs at synchronous , regular intervals ~t whose duration

was set a—priori. During the time ~t , the computer must finish

solving one frame of the dynamic equations before the occurrence
• 16
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Tim er and

]

Read from Disc
-Constants and Parameters

• -Aerodynam ic Der ivatives
-Initial values of the state variables

1) Initialize digital input for
mode control

2) Calculate intermediate parameters
from given values

• Set-up and Enable
Interval Timer 

___________

47 
~~~~~

\
~~~~~O

a

i~~~
7

Disable Interval Timer Y OTSE N
Wait for 2 seconds mode? To be continued next page

Figure 3-1 - Main Program Flowchart
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} igure 3 -1 (Continued)

1) A-D conversion of FCS commands HOLD Y
2) Reading of control switches from mode ?

cockpit (IC , HOLD , 3DOF , windy
atmo~phere , e t c . . .)

IC
mode?

Lock control surfaces IF corresponding
FCS signals are disconnected Y

In i t i a l i ze  Time
Counter=0

IC
mode?

N Init ialize P ,Q, R , e, cp& ‘4,
Initialize lattitude , longitude ,

UH , 14)H , WH and 
~R

On ~Jext I’age

18

___  ~~~ ~~~~~~~~~~ 
- • • - -

~~~~~~~~ ~~~~~~~~~~
--
.

- • • -



F~
T
~~ 

,- --- •—------

~

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 

—‘
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~- 

• -
~~
-

V
Figure 3-1 (Continued)

Integration to obtain body rate IC
of rotat ion P , Q , R N or HOL

mode 9

Y
210

IC
or HOLD 

Calculate Euler-angle

mode? rates e , ~ and qi

N

Want
3-DOF p =  ~, =  c

only ?

N

Integration to obtain e , ~p and ~t#

270

Want
5-DOF 

- accelerations UB

only 2 VB and WB to zero

N

Calculate body-axis
acceleration 320

Evaluate body-axis accelerations , ZB

To Be Contin,ied On Next Page
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Figure 3 -1 (Continued)

1) Coordinate transformation to obtain earth-
axis accelerations XE 

‘
~ E Z

E
2) Coordinate resolution to obtain H-frame

accelerations XH ‘
~ H ZH

3) Computation of gravity

Calculate H-frame derivatives rUH
WH , LH , A 

‘

ant
<
‘ 5-DOF~~’)Y ~ Set 

~ R = 0
~~~~nly~~~~

N

IC 
N l)Integrate to obtain rUH ~PHor HOLD —3

mode 9 WH , L , A and 0R
2) Calculate r , UH separately

Y _____________________________

370

1) Compute down range, cross range & altitude
2) Compute vehicle ground speeds UE V E and WE
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Figure 3-1 : Continued

Compute vehicle airspeed components U EA V EA

L2~ Generate body-axis velocities UB ; V B WB

• [Evaluate a and B

True airspeed V=const~~j

-~~~~~~~~~~~~ 

_ _ _ _[Evaluate
~~~~i 

44Ø\

1) Calculate p , , equivalent airspeed, calibrated
airspeed , Mach.

2) Digital FCS processing

• 3) Examine pulse flags (DEPULSE , DAPULSE
and DRPULSE )

4) Apply pulse to the desired surface

5) Digital FCS Processing (bypassed if any surface
is pulsed )

6) Examine surface flags (FCSDE , FCSDA , FCSDR ,

FCSSB , FCSBF )

7) Set surfaces that are flagged equal to their IC values

( DELIC , DERIC , DRIC , DSBIC , DBFIC )

8) Preparation of output

To be continued on next page
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Figure 3-1: Continued

~~~Js N
TIME. GT .~~~~—~ \~~~~j~/ 

Want ~~~
RUNTIME EASE ?

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~t fo r~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Disable Interrupti

~~~~~~~~~~~~~~~~~~~~~~te EASE

of the next int e~-rup t .  In order to achieve the real-time (or time-
critical) goal, great care was made to minimize the execution time.
Even so,a number of calculations have to be delegated to the analog
computer such as

— Sin/cos functions of angles 0, 4 > ,  ~, cx for instrumentation

— generation of test pulses

In fact, if more equations are to be added into the dynamic model,

some other existing equations must be deleted from the high—speed

loop. An alternative would he solving the deleted equations on
another digital or analog processor. The dynamic model is given

in Chapter II, thus not repeated here. During run times the operator

can intervene by throwing a number of switches which in turn

activiate a number of interrupts in the digita l computer . The

switches are si tuated in the general cockpit area and they consist of

22
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— IC Switch: sets the program back to Initial Condition
mode, All information concerning the preceding run is
lost.

— HOLD Switch: also stops execution but all state variable

values are frozen at their respective values reached

prior to activation of the switch. This mode allows

the user to investigate the status of his program in

post—mortem fashion.

— 3 DOF Switch: sets the yaw rate 4s and the roll rate 0

to zero, the vehicle can then be studied entirely in

the pitch plane, having three degrees-of-freedom : ~ ,

~~~, and 0. This mode is useful in planning and perfor-

mance analysis such as plotting the gliding envelope.

In this case, we are interested only in getting from

one point to another point.

- 5 DOF Switch: imposes a nearly constant altitude, constant

total—velocity flight regime . This mode offers a con—

venient way to study vehicle handling quality and

maneuverability. To different people, 5-DOF simulation

means slightly different things. Thus we derive the 5-DOF

situation used in this simulation for reference purposes.

Consider the acceleration equations in body-axes, excluding the

thrust and aerodynamic force on the surfaces.

xli U B 0 WB VB I?B

= + _W
B 0 UB

VB 
_U
B 0 { RB

23
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c~p. c0 s~p .c0 —~~A 0

+ (c~ .s0.s4> — s~ .c$) (s~ .s0.s~ + c~ .c4) cO.s4 0
( 3 — 1 )

(ci4, .sO.cct  + s*.s~) (si~.sO.c$ — ci~.s~) cO.c~ —g
_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _—,

Inertial—axis —a. body-axis transformation

Where c~ji and s~ji are the abbreviations for 
cos ip and sin ~ respectively .

For 5DOF, assume that U8 = = = 0 and solve for the acceleration

component XB

= - 

ZBWB : YBVB + g 
[
sinO 

coso (v8sin4~- w~~os4~
) 

-2)

Equation ( 3 -2) is used in lieu of XB described in equations ( 2  - 4 ) .

The only other changes in the 5—DOF case are

d(~r) —

dt — 0
( 3 —3 )

and V = V1~ p a constant

The closed-loop nature of the hi—speed loop is illustrated by the

block diagram of figure 3 -2. This block diagram depicts the main

stream of the calculations and how different groups of calculations

are related to each other functionally.
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Figure 3-2: Block Diagram
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4 . FLIGHT CONTROL SYSTEM (FCS)

4.1 Description: In this simulation we investigate the Orbiter
handling qualities under manual control of a pilot . There is no
provision for an autopilot in this program . From the time the Orbiter
enters the atmosphere at a nominal altitude of 400 ,000ft to touchdown
it is not power-assisted except for the Reaction-jet Control System (RCS).
Thus the importanc e of the FCS can’t be too much exagerated.

The Orbiter is equipped with an all-digital fly-by-wire FCS which
insures aerodynamic stability with the help of five on-board computers
(four redundant primary and one secondary). The computers , in turn , feed
signals to the actuators of the control surfaces . A picture of the
control surfaces can be found on page 22 of reference 9 .2 .2 .

a/ Elevons ( Elevator-aileron combination): They are full-span
in construction, used for affecting both pitch and roll. This progr am does

— not exercise the inboard and outboard elevons separ ately.

bI Rudder / Speedbrakes: The conventional rudder is made up
of two symmetrical halves which, when deployed, constitute the speed
brakes.

c/ Body flap is found on the very end of the fuselage below the
main engines and serves mainly as augmentation to longitudinal trim.

Whenever the control surfaces prove to be ineffective (high altitude, low
dynamic pressures) pitch and roll reaction-jets are fired to guaranty the
orbiter ’s aerodynamic stability . The yaw reaction jets are used more
often , including the cases just mentioned above.

4.2 FCS Block Diagrams: The pitch , roll and yaw modes of the FCS
are depicted by the block diagrams on figures 4_ i , 4-2 and 4-3 in
that order. Let us discuss one of the mode s in detail , say the pitch mode
of figure 4-i . A command from the RHC ( Rotational Hand Command
is fed through the deadband and pitch shaping networks then compared
with the current Orbiter performance ( a  function of the pitch rate Q )
to generate a pitch rate error signal called DPJ. Because of the
coupling effects between the axes, the nose tends to dip during a turn .
To compensate for this , we want an additional negative elevon deflection
( trailing edge up,  by convention ) and the term R*tar~p does exactly
this by contributing a negative Influence to the elevator comman d

CMD .
t
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When the speedbrakes are deployed,they force the nose upward by
contributing a moment around the Orbiter ’s center of gravity ( C G  ) .
Note how the speedbrake increment ( DSBPC ) signal is used to negate
the unwanted pitch-up by a direct reduction in the pitch-position t r im.

• The FSC roll channel is represented on figure 4 -2 .  The switches
EAR LY and LATE correspond to MACH > 1.5 and MAC H ~~ 1. 5 respectively.
Notice the roll-rate command main path. Starting with the roll stick
position, the signal goes through deadband, shaping and first-order lag
circuits before being added with the integral of the roll-rate t r im term
at SUM21. From there,the control signal is sent through SUM 24 where
the roll-rate feedback and other coupling terms are subtracted. All the
feedback signals taken together are called PSTAB (roll-rate stability) .
SUM24 is directed to a switch xthose poles are marked EARLY arid LATE.
The EARLY side of the switch allows only reaction jets to control the roll
channel because, at that time, the Orbiter is still at high altitude. Only
during the LATE stage can the control surfaces perform effectively .

The FCS yaw channel is illustrated on figure 4-3. The rudder pedal
generates a signal which is fed through the dead-band and shaping networks.
Then it is summed with the integrated yaw-trim sign al . Before reaching
the actuators proper, this signal is further modified by Mach number and
dynamic pressure ~~~ . An arrangement similar to the roll-axis channel is
implemented here to allow the yaw jets UZCMD to take over at high altitude
(EARLY). Only at low altitude (LATE) can the rudder work the way it works
on an airplane .

Figure 4-4 describes how the Orbiter ’ s control surfaces are exercised
by different actuators.

4. 3 FCS Computer Implementation: In the block diagrams the t ransfer
functions and filters are expressed in the Laplace s-domain . We could
have used the s-plane if an analog computer were used. Since the FCS
program is done digitally it is advantageous to map the transfer functions
from the s-plane to another complex plan e, the z-plane . In simple terms ,
z can be defined as z e 5T where T is the sampling period . A comprehensive
treatment of infinite-impulse-response digital filters can be found in reference
9.1,6 , chapter 4.

It is a known fact that a stable analog filter might or might not map into
a stable digital filter if we just go about replacing the differentials by finite
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diff erences (b ackward , forward,or central differences) . A more elaborate
process is used in this program to prevent computat ional instability and
aliasing problems . It is called Bilinear transformation (simple conform al
mapping ) and it is represented by the following transformation:

— 2 ( l — z ~~~) (4 1)
T ( 1 + z i)  

-

Consider a first-order transfer function as an example. Given

H(s) = 
10 (4-2 )

S + 10

Substituting s for z as dictated by equation (4-1)

H(z) 10

2 ( 1 - z~~ ) + 10
T ( l + z~~ )

/
lOT + lOTz

H(z) (4—3 )
2 - 2z~~ + lOT ÷ lOTz~~

In this pro gram the crame time is T . 04 second. Any first -order transfer
fu nction can be , for our programming purposes , reduced to the form shown
below:

G1 + G. *z ~~
= 1 (4-4)

X 1 + G 3 *Z
L

Similarly we put all second-order transfer functions in the following form
prior to digita1 coding:

32
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= 
Q1 + G~ *~~ l + G3*z 2 

(4 5)
X 1+G 4*z

1 +G 5*z
2

Thus the z-transform of equation (4-2 ) finally becomes , after introducing
the proper value for T into equation (4-3)

H (z) .1667 + . 1667z L (4-6)
1 - .6667 z~~

• Computer mechanization of equations (4-4) and (4-5) are done in the form I

of function subroutines called FILT 1 and FILT2 respectively . FILT1 and
FILT2 stand for first-order filter and second-order filter. For FILT1
the expression comes directly from equation (4-4)

= G1*Xn + XOLD

XOLD = G2*Xn l  - G3*Y~~1

For FILT2 , equa tion (4-5) can be put into the format

Y = G * X  + X  (4-8)n 1 fl nodel

where Xflod el = G2~ X~~ 1 - G4*Y 
~ 

+ X d 2

Xnode2 = G3*X 2 - G5*Y 2

Refer to Table 4-1 to correlate an s-domain transfer function to its
z-domain counterpart. Besides the filters , the hysteresis transfer
function also deserves a brief mention . Figure 4-5 depicts the flowchart
of the HYSTER subroutine and it is self-explanatory.

A detailed flowchart of the Shuttle Flight Control System ( SHTLFCS
subroutine) is contained in Figures 4-6. The actual listing of SHTLFCS
can be found in Appendix D.
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TABLE 4-1 : Transfer Functions

Transfer Functions z -Transform Equivalent
s-domain) ( for sampling period T .04 sec)

÷ H
s .9 804 - .98O4 z~~ _

s ± 1 1 - .96O8z~~

5 .0909 + .0909z 1

S + 1 - .8182 z~~

7.5 .02988 + .O2988z~~
5s + l  1 — . 992 z~~

- 
10 .1667 + .1667 z 1

s + 10 1 - .6667 z~~

1 .01961 + .O1 961z~~
S~~~~ 1 1 - .9608 z 1

20s .999 - .999 z~~
20s + 1 - .998z~~

s + 1 1.9615 - l.8846z 1

.5s + ~ I — .9231z~~

152 .06475 + .12 95z ’ + .06475 z 2
2 

+ 15s + 152 1 - 1.309z ’ + .5683z 2
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HYSTER
Figure 4—5: Hysteresis Function
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Figure 4-6: SHTLFCS Flow Chart

(~~~~~~~~~~~~ _ ‘~~ �~~~~ Y --

\~~ Ente~~ /
N

3 Zero transfer function outputs
Zero transfer function nodes

- 
- Generate SIN(ALPHA) Schedule Breakout
- Generate COS(ALPHA) , SIN(PHI)

COS(PHO , COS(THETA)
- Generate roll , pitch & yaw trim breakout s

for DETM PAN , DETMRHC , DAT MP AN
DAT MRHC , DRT and DBF MAN

- Generat e values of Mach-dependent function
schedule for GPS , GJET , ALPH MAX ,
ALPHMIN , KPIT , GTRE , GDSB , KDAMPAR
KDA MLIN , GRS , GDAC , GP , GNYDRM ,
GRAY, KDRC, GTRR

( PITCH ~~
Processing

ESHAPE

N Mach > 1.5
____  .AND.

PR HCSOP �19.

[ DEMSP DEMSP

36

Le ~~~~~~~~~~~~~ •~~~~~~~~ . -~~~~~~ ~~~~-~~~_ - - -  -—~~~~~~ -~ 
~~~~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• 
- Z.



____  ~~~~~~~~~~~~~~~~~~~~~~~~ 
—,-- —-- .---_--- . -

~~~ -: - ~~ 
~~~~

•
~~~~~~~~~~~~~~~—

-

Y

Figure 4- 6: Continued 29

• DPJET ; [JYCMD 1

Mach �1.5 y
or~~~> 2 0. UYCMD O

N
50

Luy JET 1

RTANPHI 
N Mac h > 1.5 RTANPHI = 0

BCSL ; QFFIL
NZP ; DCSLLO
DCSLHI ; MIDPICKJ

- To be cont inued
on next page

4 
37

~~~IIIr~~A 
~~~~~ . ---~~~ 

‘
.~—-— ~~~~~~~ - ~~~~~



- - — 
- 

~~~~T_
= -

~~~~~~ 
~~~

-—
~~~

—
~~~

---
~~~~~~ ~~~~~~~~~~~~~~~~~~ 

- - - -
~~~~~~~~~ IEEf T —----- —

~~
-
~~~

-— -
~~~~~

Mac l~~~~~~~~~——

Y
Figure 4-6 : Continued

105

N

DCSL = BCSL j (
DCSL= MIDPICK

DCSL O

110

DQCT ; GTREDQCT

[DSBXTRS =D SHXTR*GSBHIj

I DSBXTRS=DSBXTR ”GSBLO j

TDETPI
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5 • EASE PACKAGE

EASE is an interactive package that allows the researcher easy

access to the Simulation program in the format that is natural to
him. To qualify as a general-purpose package, the program must

readily accept different vehicle configurations and flight condi-

tions which vary from case to case. The list of parameters and

variables can be found in Chapter VI together with their units
and computer symbols. Users of EASE are required to follow two

simple formats correspond ing to an interrogation and an input.

EASE can be accessed through the Main program or by setting Control

Switch 12 to .TRUE .

a! Examples of Interrogation Mode

THETA? What is the current value of 0? (in F25.lO format)

*l2~F? What is the integer content of address 12AF?
(In decimal format 125). The asterisk (*)
specifies the integer mode.

43600? What is the floating—point content of address
43600?

b/ Examples of Input Mode

OMEGA = .000072923 Replace the content of OMEGA with

.72923E—4.

*17777 = 50 P- -- ’~ ce the content of cell 17777

wl . r 5’) decimal

1FF2C = .25 ! Put .25 (in floating-point format)

into cell 1FF2C.

c/ To exit EASE, type an exclamation mark “i” followed by

a carriage return (C/R).

For unusally large numbers or unusually small numbers, check the

46
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accompanying listing to avoid truncation of the input data. For
example, the I/O floating-point number is determined at format
F25.lO. Any digits beyond 10 places to the right of the decimal
point will be ignored. The user should also safeguard against

entering a value for a parameter that is larger than the largest

allowable for the parameter. For example, the pitch rate

has a range of +2 rad/sec and is scaled at 
~~B
’2
~ 

when appearing

to the Flight Control System. If the user of EASE inadvertently

setsQB = 3, the output of the DAC (digital—to—analog converter)
corresponding to is completely wrong.

When a wrong symbol was typed, EASE will respond with “NO
SUCH SYMBOL IS DEFINED TO EASE”. There are other interactive

features built into EASE to help the users in case of mistakes.

Here are a few common typing mistakes to serve as examples:

at OMEGA = 2.6Fl9

EASE will come up with the message “MEMORY flATA MUST BE
A DECIMAL NUMBER ” because there is no provision for EASE
to accept hexadecima l numbers .

b/  *pjj~~ ( even though p was declared a floating—point in
the main program). The resulting message is

“WRON G INPUT FORMAT”.

c/ BYTE = 377 (even though BYTE was declared as 8 bits)

In that case 255 ~ BYTE ~ 0. EASE will

alert the user with the warning “DATA

OUTSIDE RANGE” .

The simplified flowchart for the EAS E package is contained in

figure 5 -l for reference purposes.
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Fi gure 5-1: EASE Flowchart s Executive

(inter EAS~~ -- Display “WELCOME TO EASE”

~~~~~~~~~~~~~~~~~~~~ T1JRN

1) Execute Carriage Return
2) Input 1 Line From CR1
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~~~~~ lay ”E N9 OF EASE~~~~~~~~~~~~~~~ ” Z ”
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Exit  EASE a
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24 ““‘
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2) Exam ine Character in 23

WORD ( L )

To he continued
on next page 48
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Figure 5- 1  (continued) , Execut i ve
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Figure 5-1 (continued), Letter
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Figure 5 -l (continued) , Number Address
Processing
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Figure 5-1 (continued), Number Address
Processing
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Figure 5-1 (continued), CR1 Input
Proce ssing
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Figure 5-1 (continued), CP.T I n put
P rocessi n g
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6. FUNCTION GENERATION PACKAGE (FGP)

Fast function generation constitute the main objective of this
software package so it can successfully support a time-critical
simulation . The package is Fortran compatible making it adaptable
elsewhere if needed . On the other han d , because of speed consideration ,
some part of this program were written in Assemble language . Physi-
cally the FGP is embedded into the Main program and considered an
integral part thereof.  This leature also helps speed up the execution
time.  Aerodynamic data for this particular simulation are composed of
about 40 functions having from one to three arguments. Overall , there
exist more than 4000 data points to be handled by the FGP. If there is
a shortage of memory space each dat a point could he converted into a
fixed-point quantity , normalized then made to fit into a 16-bit half-word
location . But i n  that  case , the  FGP must be great ly  modified .

~e are provided wit h  data  in the  form of punched cards ,

The card image of a representative two—ar gument f u n c t i o n  is shown

below . In th is case the function is the pitching—moment coeffi—

cient (or derivative) bias , CM 0 (a , Mach) , wh ich is a f u n c t i o n  of

the angle of attac k and the velocity.

c 4’,(.. ‘45
.0u57 .0037 — .00 l.~ .0153 .0373

~~~~~~ . 0 0 5 7  .u037 — .uu l3
— ,~~303 — .u Su $ — ,u O / 3  •.oOli .0057 .0057 .00~~7
— .Ol bS — .Oe~~3 •.0L4 13 — . O UL ~~3 . 0 0 0 7  .00 8 1 . 0 0 u 7  .U0U3

— .0193- — .u~ 73 — .02e’3 .000~’ ,00 S~ .0132 ,001~
— .0158 — .u 2’4 d — .0278 •U05~

Note that the first card (called the h eader card) gives the deri-

va tive name (C ’~f l)  and the nurTher of data points ( 4 5 ) .  Der iva t ive

n ames nu~t sta r t  w i t h  the l e t t e r  “C” or they wiU he rejected -

The re is no ment ion  of how many argurents are involved , Onl y
when we mak e use of C’~~ in th e Ma in program th a t  the type of
ar gument and it s br eakpoin ts appear exp l ici t l y. For th is example ,

the two arguments are arranged in the order CM0(a 1, M1 )
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CM0( a 2, M 1) ; CM 0 (ct 3, M 1) ;  . ; C M 0 (a 5 1 M 1) ; CM 0 (a 1, M2 )

CM0 (a 2,M2) ; CM0 (cx3, M 2 ) ; unt il CM 0 (a 5, M 9 ) -

The FGP is made up of three separate sub-programs , each do ing a
specified task . They are: DATASTORE , POINT and DERIVE4 . Their
particular roles are described below .

6. 1 DATASTORE Program : This program performs the following tasks:

- Read aerodynamic data from the card file as described earlier.

- Check the validity of data including the name.

- Rearrange the data in a predetermined order .

- When an end-of-file (EOF ) card is encountered , wr ite the whole
data array on a disc file.

The flowchart for DATASTORE can be found on figure 6-1. We can analyze
DATASTOR E program by tracing through the handling of one stability
derivative, say CMO again . When MAIN program calls DATASTOR E , it
reads and inspects the first card , also called the Header card . That card
should contain an 8-character derivative name followed by a blank and
followed by a 6-digit integers ( blanks ~ included) . For example

Derivative Columns #16 thru #80
name reserved fo r comments

C M 0 ~~~~~~~~~~~~~~~ 4 5,C O M M E N T S . - -

Number of
data po ints

One header card is required per derivative by DATASTOR E . Anytime
an EOF card is encountered in place of a header card , control is reverted
to the MAIN program . Thus the very last card must be an EOF or the
program will han g up.
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Since all derivative names stored start with the letter “C”,
a test is made of the first cha ract er to eliminate any unnecessary
search of the Data List . Only those names previously defined in
the Main program ’s Data Table ( such as CM 0, C~ , C~

~

are considered legitimate. If the first  letter of the header card
is a “ C “ , control is passed to the “name list search portion of
DATASTORE program (beginning with statement ft 50). In the
event the first character of the header card is not a “ C I T

DATASTOR E allows the user the choice of aborting the run
( returning to Main program ) or the choice of correcting the typo-
graphical mistake by inputting a new name on the CRT .

After the derivat ive name and address have been found
in the tables, DATASTORE returns to the card reader and reads
the information on the cards stacked beh ind the header card.
The newly arr ived data points are stored in th e tempor ary array
called DATA (I) , ( I  1, LENGTH ) . In our example LENGTH 45
as indicated on the header card earlier. When all the expected data
points are in ( an EOF card is read ) DATASTORE term inates
the reading phase and all the aerodynamic data are written out on
a disc file. Notice that DAT ASTORE is excuted only once ,
during program initialization phase and the disc f ile will he
utilized by the Derivative subroutines later on.

It should be a w a r e  that l ) \ ’ 1 A~ TOR1 ~s a separat e progr~~n~
tha t  must  he exerut ed prior ~o all other p rograms  in the n orn i e l
sequence of operation . Also note that  DAT \~-~i( )~ -~ I- program -v
he modif ied  and re run  for any change tn the length or t able al-range-

ment of the ae rodynamic  da ta .  These p a r a m e t e r s  n i i is t  match  t h o se
of the MAIN program to i n su re  tha t  the  data a re  s to red  in the  same
rela t ive  locat ion where  they wiU be us ed . Spe c i l i c a l l y ca re and : it t en -
tion should he paid to the following:

- The order and dimension of the d a t a - t i L l e  dec la ra t ion  s t a t u ’~~ents

- The I)AT A statements for va r iab le  SIZE and N U M B E R

F,9
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- The ASCII variables in NAMELIST

- The order of the data table ACW(Address  Constant Word ) array .
These parameters effect the proper ordering of the data table
in the array whic h is dumped to disc .

6 . 2  POINT Subroutine This subroutine , which is called by the Main
program , performs all the preliminary tasks prior to final interpo-
lation . One call to POINT subroutine is required per argument list
and a representative calling sequence applicable to our present examp le
might appear as follows:

1’
CALL POINT (ALP I-I A , ALPHAPT(2) , ALPHAPT( 1) , ALPHAT( 1) , A L P H A T ( 3 ) )

CALL POI NT (M A C l I , MACHPT(2) , ALPHAPT( 1) , ALPJ-IAT(l) , ALPHAT(3 ) )
4. 1’ ‘1’

The outgoing arrows are added to visually indicate arguments needed
by the subrout ine  lo r  processing the calls and , conversely, the in-
coming arrows show that information is being re turned to the Main
program . Two (ails are  made to POINT subroutine because in our
current examp le , ( ‘MO is a function of two arguments , a and Mach .
Let us inspect one of the calls above.

ALPHA = an argument , the present value of ~ .

ALPHAT(3) = starting point of a list of breakpoints associated w ith
the independent variable a. This list consist of
floating-point values.

\ L P H A P T ( l )  = re turns  to Main program as an integer value
(called “pointer ”) indicating the smallest hrea1~point
adjacent to the argument a , say x1 . This information
will he used dur ing subsequent interpolation .
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Subroutine POINT - - - 

~.j Acquire argument value
Load current POJNThR

—-

~~~~

Update BREAKPOINT
______________-~~~~~ —----~~~~~~~— corresponding to

curren t POINTER

~~~~ KPT) > AR omp~~~~~ fR~ K~T) <A o 
_ _

— lhipdate BRKPT

___

PO INTE

~~~~~~~

TER

~~~~~~~~~

J

~~~~~~~~~~~~

)  , P0iN 1~~~~~P~ i

POIN
~~

R>-LIM
~~

’
N,~~LIM 

t,o~
—~~~~

---
_ 

- 

-. 

“
T~~~~JER<± 1AXBPJ (PT

POINTER ”-LIM POINTE R -
PO IN TER+ l___J____ 

~~~~

-

~~~

.--

LPOINTER= -LIMJ ______ 
,~ t ompare
(BRkPT+l) t

• 

. 
(BRKPT+1)=ARC ~~N 

,~~~
,,

z9’(B P.KP T+ l )  < AR’~

-
~~~~~~~l3O

L~1~~~L+l )>+_,\R
- Dlvi = ( B R K P T + l ) - ( B R K P T )

[
~~RA C  

FRAC = A RG - (B~~~KPT) /flI\’L

Notes: Abbreviations used :

BRKPT = Break point number 
_____

~~

/

~~

j-TITt

~ 

to~~”~
-LIM = 1 , the first brkpt 

— \,,M~~n prog~~~ J

MAXBRKPT= no. of hrkpts of

an argument.

AR (=value of the argument

(BRKPT) =the value of the argument Figure 6-2 : Subrou tine P01 VT
corresponding to BRKPT
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ALPHAT( 1) returns to Main program representing the

distance , FRAC = (a- aj ) / ( c tj~~1 -
~~~~~~~~~

Finally, ALPHAPT (2) contains the number of breakpoints
associated with the argument . In this case there
are 9 breakpoints as declared by a DATA state-
ment in the Main program .

When subroutine POINT is entered , a test is made to compare the
argument ( ‘~~ in this instance ) against the extrema of the argument
values ( a 1 and ag here ). Should a< a 1  then we set the pointer

ALPHAPT (1) to 1 . Conversely whenever a>a9 we set ALPHAPT(1)

to 9. A simplified flowchart of the POINT subroutine can be found
in figure 6-2 .

6.3 Derive Subroutine: This section was written using the FUNCTION
approach instead of the standard SUBROUTINE approach in order
to reduce program length and minimize the transfer of arguments
between different  programs . There exist four DERIVE function s
DERIVE 1 , DERIVE2 , DERIVE3 and DERIVE4 . Together they can
handle any function having from one to four arguments. A sample
use of DERIVE 1 is as follows:

FI IN CT = DERIVE 1 (DATATABLE , MACHT )

where DATATABLE is the starting location of the memory table
containing the data which were were placed there earlier by the
DATASTORE subroutine . MACHT is an argument table containing

FRAC in the first word (see figure 6-2 for the significance of FRAC),
the breakpoint pointer in the next half-word and the number of Mach

breakpoints in the last half-word .

MACHT I FRAC

POINTER MACHT LENGTH
_ _ _ _  _ _ _  • • . :
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For our existing example , the pitchin g derivative bias CMO
appears at last , on the right-hand side of an assignment statement

I CMO = DERIVE2 ( CMOT , ALPHAT , MACHT )
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7. REPRESENTATIVE SOLUTION S

No simulation can be completely trusted unless it has undergone

prelim inary STATIC and DYNAMIC CHECKS . It is imperat ive th at
such checks be carried out before the very f irst product ion run and
especiaiiy if the simulation is just started up after some lay-off
time . Check conditions need not be unique; any reasonable set of
conditions will suffice. However , some considerations should he given

to check ing conditions commonly encountered in the flight regime.

7 . 1  General Procedures

The STATIC CHECK for the rotational equations could be
performed as follows: an initial flight condition is established by

fixing Mach number , dynamic pressure and angle of attack at pre-

selected values.  Input variaj ies , angular rates , Euler ang les , control
su rfaces , etc., to each of the equations are then perturbed one at a

t ime or in pairs to excite particular terms of the equation s to be

checked.  The outputs should be scrutinized for trends and for possible
wrong signs.

By choice of certain parameters we can isolate each portion

of an equation to see if it gives the correct answer. A case in point - V
is i l lustrated by considering

= 
q S h  

F c , P + C R ) JL. + C B~ C ~a + C2 5r1
B I

~ 
L 

-
~~ 

B 2R B 2V or I

‘xz . 
_ _ _ _ _

+ I x ( R B + 
~~B~~13~ 

+ 
~ 

1~ ) QB R B (7-1)

If we set = 
~~B = 0 and B 0a = 5r = 1xz = 0 we can observe the

change in roll rate as a sole function of the yaw rat e , or 
~~B = 1( R& .

By resett ing d i f fe ren t  parameters , we can gradually examine the influence

of e i c h  of t h e  t e r m s  in the  
~~B equation , remembering to take into

aecount the sign of each t e r m .
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A similar procedure is used t o check the aerodynamic coef-
• . ficient equations for CN , Cc , CL, Cm , C~ and Cy as functions

of a , B ,  Mach number and control surface configuration.

• DYNAMIC CHECKS should be attempted only after the user
is fully satisfied with the static tests. Again a few checks are sug-
gested herein for illustration purposes . They are ne ither unique nor
exhaustive. To test the dynamic behavior of the rotational equations ,
a stable flight condition is picked and initialized by setting a , B ,

~~TRIM ÔrTRIM , Ôa TRIM , V and h (TRIM conditions are selected

so that the initial moments are zero , i . e . ,  a and S remain unchanged) .
Eac h surface 

~°e ‘ 
6r ‘ 6a ~ is pulsed separat ely and the resulting

• aerodynamic responses on 
~ B ~ B ~ B QB , RB , RB a. , B

acceleration terms NZ & NY , e , p and $ a~re recorded on a strip-

chart and compared to known correct responses. The suggested shape

of the bidirectional ramp shown below could be used for forcing
function ( deflection varies from ± 5 0 for subson ic region to ±200 for
super sonic region )

V

time (sec)

It is recommended that this test be conducted on a daily basis to
verif y the operation worthiness of the equipment . DYNAMIC CHECKS
should be carried out on the translational ( orbital ) equations also.
I f all aerodynam ic effects are nullif ied by zero ing C~ , C~ , CN LB~ 

MB,
N B ,  ~~B ~~B R 8 at the same time fixing a ., B ,  e , * and ~~~, the

vehicle can then be considered as a point mass. Additional checks of the
orb ital equations are also performed by in itializ ing Cc and CN suc h
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that the aerodynamic effects of these equations can be assessed.
It should be noted that dynamic checks for handling qualities are
normally performed in five degrees-of-freedom. Dynamic checks
for performance (point-mass) are performed in three and six

• degrees-of-freedom .

• The control system mechanization is checked by varying
the input variables (control stick , rudder pedal, angular rates ,
angle of attack , Mach number , dynamic pressure, etc) and
observing the control surface responses.

The cockpit instruments, switches , control stick and rudder
pedals must be checked for proper mechanization (magnitude and
sign) .

7 . 2 Static Checks

The values being established for Static Check can be
completely arbitrary but they must be reasonable. For instance,
we can ’t choose a test value for a. _ 100 because the Shuttle will not
operat e in that range . On the other hand one can pick a test value
of a 2 8 ° or a=30° and one value is as good as the other. In this
program the Orbiter can assume either the ENTRY phase or the
TAEM phase. Each phase should be tested individually.

7 . 2 . 1 Equations-of-Motion Checks: By setting certain flags
the FCS c~ n be effectively bypassed to allow us to check only the
equations of motion . Specifi cally , to disengage the FCS , reset the flags
concerning aileron and rudder and trim the elevon 0e = 16.330 -

•

Then establish the following initial conditions

Mach 3 a = 20 = 150
h 99480 V=2970 S = 2690

b = 78.06 ë 39.57 W0 155 ,000
= 600,000 ly =I

~~
= 5 5 *  106 IXZ =

• 65% = 29.06% 6BF ~~
85B = 25 Gear in Up position 8e = 16.33

With the above IC’s, equation (2-19 ) become,
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~ B =(~~;
‘z) ~ B RB + 

~~~ 
(~~B~~~B

QB) ÷ 
~ Sb 

C~~ °e) B

+ C2~ a
Oa + CLÔr ör] + ~ Sb2 ( CL P

B 
+ CL R  RB) . 

( 7 -2)

Substituting known quantities into (8-2 )

.1667 ( RB ~ B~~B
) + 52 .495 [(_ .0 0168_ .0000l *(..16.33)) s

+ .000547 8a ± , 00022 6r] + .6 8986 (_ .26 1P B + .073 R B)

Next we manipulat e the state variables to obtain a number of
conditions. The series of checks appear lengthy at first glance,
but they are necessary because each set of condi t ions allows us
to verify a different part of the set of equations of motion.

a! For 
~B 

= 

~~B 
= 0 ; R

B 
= .4 rad/sec ; ~=0°

1xz 0 resulting in 
~ B 

.0201 rad/sec2

For Q
B

R
B

O ; 5 5 a 6r ° ‘~~~B
1’

= 0 
~ B 

= - .1801

c/ For 
~ B 

= QB = R B = 0 ; 8=  -
~~~~

° 
; 0a 5r = 0

.3990

d/ For 
B 

= 

~~B 
= R B 0 0a = 100 

~ 
= 0r = 0

IXZ = 0 
~ B 

= .2871

For PB Q
B

R
B

= 0 ; o i.=20°; 5 6 a 0

IXZ = 0 
~B 

= .2310

f/  For 
~ B 

= 0 = R B = • ‘~ ; B = 
~a 

= = 0

Ixz = 0 
~B 

= .1534
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In the next two cases, g) and h) ,  ~~~ is not set to zero but to io~
as indicated earlier.

g/ For PB = Q B = R B = O ; ô~~~~10 • 5 6 r °
R B .0058 Resulting in 1’B .2881

h/ For 
~ B 

1 
~~B 

= ~ RB = 0 ; ôa = 100 
~~~= 6r =

= -.3541 P = .1148

Still under the IC’s imposed earlier, calculate the static test concerning
the pitch acceleration. According to equation (2- 19)

~ B ( 
z x ) P R B 4 (~~ 

- p~~~) + 

~~~:~~~
m0 

+ t
~
Cm +

C 0BF + Cm (â SB - 550)]
+ 

~~ 
(C~~~ QB)

Plugging in the inertia terms

.S909 PB R B ~ .0182 ( R~ - P~~) +2 . 9 o 3 [_ .o23 +~~Cm -

+ .00023 ( 6SB - 55
°)] + 0193

~~~
2’3

~~B~

As a consequence

if For PB QB
RB O ;  0e 0 6BF = -

~~~ 
ÔSB _ 2 5

Whereupon the check value for the pitch acceleration is

= - .0838 rad/sec2

For 
~B 

= 

~ B 
RB = 0 6e = -16.33° 8 BF = 16.3

5SB 25° 
~ B 

= - .083 1

For 
~B ~ B 

R
B 

0 8e -16.33° 6BF =

87.2° 
~B 

= .072
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i - I  For 
~
‘B = RB = 0; 

~ B = .5; 6e — 16 .33 °; 8BF = -5°

• 6 SB = 25° Q B = - .0222

m/ For ~ B = 
~~B = 0 ; R B = ~~~ 0e = -16.33°; ÔBF -5°

- 08SB 25 
~~B = .0029

n/ For 
~ B = 1. 

~ B 
= 0 ; RB 

= ~ ; 0e = - 16.33°

• 5BF = -5~~; ~SB = 25° 
~ B = .3411

Next let us turn our attention to the yaw acceleration by making use ofequation (2- 19) again

= 
(

1x ’
Y) 

~B~~B 
+ + b[(C +C~~~~~ e)8+C O

+ ( C
nô ór + Cn I5()or l 

+ 

~~~~ 
(CflP PB + CnR R B) (7-6)

R B = 

~
8909

~~B~~B 
+ .0182 

~~~ 
_ Q B R B ) ~ 5.727 [- .00096 5 + .00001 6a

+ ( - .00042 + 000016 I~t ) O rJ± .075 3 [ .O 1P B
. .91 R B ]

Carrying on with the test

0/ For PB QB O ; R B .4 ; 6a 0r 0

= 0 , we obtain RB = - .0274

p/ For 
~ B 1 QB RB O ;  B 0 a 6r 0

IXZ 0 RB = .00 08

q/ F0r PB = Q B = R B = o ; $ _ 5 o ; 6a 8r 0

1XZ = 0  R B - .0275
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r/  For PB QB RB O ;  8a 20 6r =
~~~~°

‘xz = 0 R
B 

= .0011

SI For PB QB = R B = O  ;~~r = 2 0 ° ; 5
~~~a 0

R B .O48i

t/  For P
B 

1
~~ ’~~~B ~~

‘xz 0 R B .3556

Now we again impose a value of 10~ on

uI F0r PB QB = R B = 0  ; o a = 2 0 ° ; B = O = o

= .5761 rad/sec 2 R B = .0116

vi For 
~ B = 0 ; Q~ 

= R B = .4 6a 20 ; B = 8r = 0

= .5913 R B = -.0184

7 . 2 .2 FCS Checks : Set ALTITUDE = 92,800 ft ; VELTRUE=2960ft/sec
TURNCORD = . TRUE . ( to allow the FCS to maintain the nose level
during a turn) and Rudder Pedal Position RPTASOP = 0. Then proceed
to parts a) and h) below.

a) Pitch Plane Test (ENTRY Phase) Fix the Pitch RHC
PR HCSOP - 10° and 

~ B = 2°/ eec. Then the elevon deflection , the
final object of our Pitch-plane test , should be 6e = -6.42°. The cal-

• culation of intermediat e variables leading to 6e is left to the reader.

b) Roll and Yaw Test (ENTR Y Phase) Establish the Roll Stick
Position RRHCSOP = 16.15° and also the following conditions

PRHCSOP = 0° 1DB 5°/sec
= 300 RB = 1°/se c

e = 2 0 ° a = 1 5 °
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We should obtain these final results

â
a
= _ 2 6 6 °

• 
~r 

-1.9°

• and Yaw-jet Command DRJET .63 (dimensionless) corresponding
to the firing of two reaction jets (UZCMD = 2).

• Now we are ready to test the FCS in TAEM phase. Assume
ALTITUDE = 48,600 ft and VELTRUE = 1017 ft/sec . This will result in
Mach = 1.05 and ~ = 200 lb/ft2 . Proceed to parts c) and d) next .

• c) Pitch-Plane Test (TA-EM Phase ) : Choose PRHCSOP = -10°

RRHCSOP 0° ; RPTASOP 0° ; Q~ 
= -2°/sec ; RB = -2°/sec and

30° . With the above initial conditions we should command the
following responses:

Pitch -jet command , DPJET = -.79
Pitch command signal , BCSL = .365

d) Roll & Yaw Test (TAE M Phase) : Select the conditions listed
below.

PRHC SOP = 00 RRHCSOP = 11. 15°
RPTASOP = 11.125° 

~ B 
= 2°/sec

= 30° R
B 

= 5°/sec

0 20° NY = .25g

a 15° RB - O

Look for the following results out of the FCS

6 = .771°
a

8r 22.09°

DRJET = -10.68 (4 jets )
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7 .3 Dynamic Checks

Again , two principal part s of the program are tested semi-
independently of each other. We choose to test the simulation in
5 DOF ‘s only, by setting FIVDEG = . TRUE. . In 5-DOF mode the
Shuttle flies at a constant altitude at a constant axial velocity .
To disturb the equilibrium (or steady-state) conditions , we introduce
a forcing-function of short duration and observe the system response.
The triangular -waveform forcing-function shown in paragraph 7. 1 is
generated on the analog computer and patched into an A-D convertor.

• It has its peaks at ±1 . Once converted into a digital quantity, this
• waveform is further modulated to give the proper pulse amplitude

(for example ±160 for 6e pulse) . During each test only one surface
is disturbed. All other surface deflections are returned to init ial-

• condition values or set to zero. Both the equations-of-motion test
and the FCS test use the same standard conditions for altitude,
true airspeed , weight , surface area , inertial coefficients, Euler
angles and trim surface deflections, namely

6*10~ = .65 VT 2970

= 5.5*106 = q = 150

5.5*106 = .2907 Mach = 3

h = 9 9,480 S 2690

= io~ W0 = 1.55*105 b = 78. 03

39.56 4 = 107.5

• The following angular conditions are also arbitrarily imposed

25° cp ( 0)  = 0
0 L(0) = 0°

6BF = 
~~~
° 

~U0) = 0° x(0) = 0°

a (0) 20° 0(0) = 20° 5a = 00

8(0) 00 ôe = 16.33° 5r = 0
0
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7.3. 1 Equations-of-Motion Tests : Three runs are made , all with
the following conditions:

FCSDE = FCSDA = FCSDR = .TRUE.
Various output quantities are fed to the DAC’s and appear on the strip
charts as analog signals. Under the best circumstances the traces can
be read at an accuracy of 1% and thus can be used as a qual itative
check only. Distinguish the three runs:

- Case a: 6e is pulsed with a triangular wave (see page 65)
• having ±16° peaks . See figure 7-1.

- Case b: is pulsed with the same waveform resulting in

the traces on figure 7-2 .

- 0- Case c: 6r is pulsed with a triangular signal having ±20
peaks. Consult figure 7-3 for the airframe responses.

7 .3 .2 Flight-Control-System Tests: The FCS tests helps to verif y the
end -to-end performance of the simulation . Since we operat e at Mach 3
and since rudder pedal input s are bypassed by the FCS at Mach> 1.5 ,
there is no need to pulse the rudder surface. In the two rema ining
test cases , a full stick input is applied to the aileron in one case and
to the elevon in the other case. The testing is intended not only for
dynamic system response , but also in assisting in the discovery of
possible FCS discontinuities or errors. Both cases are made with the
following conditions:

FCSDE = FCSDA = FCSDR = .FALSE .

As before, the system response is observed through the use of strip-
chart recorders.  The two cases are perturbated in the following manner:

- Case d : 8eRHC is pulsed with a triangular wave having peaks at

±20° . See figure 7-4.

- Case e: is pulsed by the same signal. See figure 7-5.

It should be noted that in both cases the Flight Control System must
be allowed to stabilize the airframe for approximately 3 to 5 seconds
before applying the disturbances. In this manner the pitch axis will
settle to a trim condition, reducing the inter-axis interaction.
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8. TERMINOLOGY , SYMBQLS AND DEFINITIONS

8 . 1 List of Acronyms

ASCII American Standard Code for Information Interchange
A-D Analog -to-Digital
CG Center of Gravity

CMD Command ; Commanded
CRT Cathode-Ray Tube (Computer terminal)
C/R Carriage Return

DAC Digital-to-Analog Convertor
DOF Degree Of Freedom
EOF End-Of-File

FCS Flight Cont rol System
FGP Function-Generation Package
FILT Filter

Hex Hexadecimal number
IC Initial Condition mode
I / 0 Input / Output

NOM Nominal value
RHC Rotational Hand Control
RCS Reaction-jet Control System

SEL Systems Engineering Laboratories

8 . 2 Lists of Symbols Used in Computer Programs

The following abbreviation is used throughout this chapter: DL = dimen-

sionless quantity . The subscripts on ~rarious quantities have the
following signif icance:

= aileron incremental deflection
B = wri t ten in Body coordinate system
ÔBF = Body Flap incremental deflection
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d evon incremental deflection
or = rudder ‘

• OSB = Speed Brake incremental deflection

• E or e Earth axes or relating to earth
F Fuel
G = Gear extended

II = written in H-frame (orbital reference axes)

• L , H two halves (Left & Right) of the elevon
0 = nias value ; IC value ; sea-level value

• Be aware that stability coefficients with various final subscripts may
have different un it+ . Consi’1er C~ , C~ , C ( bias value of

~~6BF
norna~ force c o e f fic i e n t  , normal force derivatives due to elevon and
bo ty flap inc r ’j mental deflection) ; they will not appear as three separate
en tr ies  on the ta 1” . Note that CN is dimensionless while CM and

0 Oe
N~~p~ have i i i ii t •~ ‘f sec~~ . Other subscripts used are ri , 8, p, q and r .

Sometimes a quantity is represent ed by two computer variables wh ich
are riot equivalent . For instance ALPHA stands for a in radians . :\t the
same time • \ i V ~~ a1.’~o symbolizes a but in degrees. Similarly LAT and
LA ooth :~l.and for Eatitude , hut LAT is a single-precision quantity while
LA is compin co in double precision . The computer symbols appear on
two separate taL.1e~~. The second table lists the names used in the 

FCS

program and the first table covers the remaining programs ( MAIN
plus all subroutines)

80
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Table 8-1 : MAIN PROGR AM SYMBOLS

• Symbol Explanat ion Computer Un it
Representattoi

a Sonic speed SOUND ft/sec
b Wing span B ft

Cc Total trim chord coefficient CC DL

cg~ Longitudinal distance of CG measured
from a reference point situated 238”
in front of the nose (expressed in %

of Orbiter ’s lenght ) (not used)

C~ Total rolling-moment derivative CL DL

Mean aerodynamic chord C ft
Cm6 Pitching-moment derivative due to 6e CMDE deg~~

CmOSB Pitching-moment derivative due to 
~~B 

CMSB deg~~

C~ 5 Yawing-moment coeff. due to rudder CNDR deg
1

CN Total normal force der ivative CN DL

C~~8 
Side—force coefficient due to 8 CYB deg~~

• FT Fuel consumpt ion rate (not used) 1 /sec

GRAVITY 2g Gravitational acceleration f t / sec
o r G

h Geometric altitude ALTITUDE ft

Geopotential altitude (used for calcu-
lating air density & temperature) GEOALT ft

‘xx Polar moment of inert ia (along the
longitudinal axis). Or I~ IXX slug.ft2

‘XY~~ 
IXY )

Products of inertia IXZ ~,. slug.f t2

I
~ z J  

IYZ J

81
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Table 8-1 : Continued

Symbol Explanation Computer Unit
Representation

I~~~; 1~ z Transverse moments of inertia IYY ; IZZ slug. ft

• KCAS Calibrated airspeed KCAS knot
KEAS Equivalent airspeed KEAS knot

- A constant characteristic of the
earth mass distribut ion J2 DL

~~~ 1 
Constants character istic of the I UYCMD

• 
~~R ~ thrusts of the pitch , roll and UXCMD DL
,~ j yaw reaction )ets.

L Lat itude LAT OR LA radian
LB Total rolling-moment in

body axes I LBODY lb . f t

~i 
; ~~; ~ Direction cosines Li ; L2 ; L3 DL

Lengt h of the Orbiter (nose to
tail) - LENGTH ft

m Orbiter’s mass MASS slug

m 1 ; rn~ : m3 Direction cosines I M l ;  M2 ; M3 DL

M B Total pitc hing moment MBODY lb. ft

Mach Mach number MAC H DL

n 1 ; ri2 ; n3 Direct ion cos ines Nl  ; N2 ; N3 DL

N B Total roll ing moment NBODY lb.ft

Roll ing rate PBODY rad/ sec

l)ynamic pressure QBAR lb/ft~

Q~ P itch ing rate QBODY rad /sec
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Table 8 -l : Continued

Computer
Symbol Explanation Representation Unit

r0 
Equatorial radius of earth RO ft

r Distance between Ortiter and RADIUS ft
earth center RAD

OR Altitude measured from
sea level D ELR ft

RB Yawing rate RBODY rad/sec

RD Down range DOWNRNG ft

Rx Cross range CROSSRNG ft

S Reference wing surface area 5 ft
2

T Thrust (not used) lb

Tx,Ty,Tz Thrust vector in the (not used) lb
3 body axes

UEA, VEA Horizontal components of UAIR(or UA) f t / s e c
airspeed in earth axes VAIR(or VA)

U I UEARTHE Orthogonal velocity components
expressed in earth axes VEARTH ft /sec

W
E J  L WEARTH

VELTRUE
V Orb iter ’s total velocity or ft/sec

TAS

W0 Orbiter ’s weight WEIGHT lb

WF Fuel weight (not used) lb

w Wind component in NWIND ft/secu North direction

Wv Wind component in EWIND ft/sec
East direction

• . 83
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Table 8-1 : Continued

Symbol Explanation 
- 

R~~~~~~ r~~ t ion Unit

Longitudinal location of
Orbiter’s CG (expressed in

• percent of Orbiter ’s length) XBAR %

XB 
Longitudinal acceleration XBOD~~, XB 

ft! 2
component

• Lateral location of CG YBAR

YBODY , YB
Lateral acceleration component or ft /sec2

AY

Vertical location of the CG ZBAR %

Normal accelerat ion ZBODY , ZB - 2ZB or ft/sec
component

a Angle of attack ALPHA radian
8 Angle of side slip BETA deg.

y Flight path angle (not used) rad

Aileron total deflection DAIL orDA deg.

~BF B d y-flap total deflection FLAP orDBF deg.

Elevon total deflection ELEV or DE deg.

Rudder total deflection DRUD or DR deg.

Speed brake total deflection BRAK or DSB deg.

Time increment (time fr ame) DELTA sec

8 Pitch angle THETA rad.

Angle between surface of the (not used) deg.
fuel and XB &XIS
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Table 8-1 : Continued

Symbol Explanation R~~~~~~~~~ ion Unit

A Longitude LNG or LN rad

• Colatitude ( - i -  -L MU rad

p Atmospheric density RHO slug/ft 3

cp Roll angle PHI rad

• ‘f’ Yaw angle PSI rad

W e Angular velocity of earth OMEGA rad/sec

Some variables appear both in the Main program and the SHTFCS .
If t hey have been previously listed on Table 8-1, they will not be
repeated here on Table 8-2.

Table 8-2 : FCS Varia liies

Computer .
Variable Description Unit

DACMD Aileron command deg

DATMPAN Aileron panel trim command 0 , tl

DATMR HC Aileron stick trim command 0 ,~~l

DATSUMI Aileron trim integrator command deg

DBFMAI”i Manual Body Flap command 0 , ± l

DBFRC Body Flap rate command deg/sec
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• Table 8 -2 : Continued

Computer Description Unit
Variable 

_________

DCSP Aileron command due to stick and rat e feedback deg

DECMD Elevator command deg

DEL Left elevon deflection deg

DER Right elevon deflection deg

DETRIM Elevator position trim command deg

DETMPAN Elevator panel trim command 0, ‘ 1

DETMRHC Elevator stick trim command 0,±l

DPJET Pitch Jet Command DL

DQCT Elevator Command due to stick and rate feedb ack deg

DRCPF Rudder command due to pedal deg

DRCMD Rudder command deg

DRJET Yaw Jet Command DL

DRLP Left-half rudder deflection deg

DRRP Right-half rudder deflection deg

DRTRIM Yaw Trim Integrator output deg

DSBPC Speedbrake command deg

ELFBK Elevator Feedback signal (Mach�12 ) deg

ETRIM Elevator Position Trim ( Mach>12 ) deg

NY Lateral Acceleration g ’ s

NZ Normal Acceleration g’s
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Table 8-2 : Continued

Computer Description Unit
Variable

PE Roll & Yaw stability feedback DL

PRHCSOP Pitch Stick Command deg

QDOT Pitch Acceleration rad/ sec2

RDOT Yaw Acceleration rad/sec 2

RPTASOP Rudder Pedal Command deg

RRHCSOP Roll Stick Command deg

SBHP Speedbrak e Handle Command deg

SUM23 Roll & Yaw Command due to stick DL

_ _ _ _  -~~~~~~~~~~~~~~~~~~ •—~~~~~~~~~~--- -_~~~~---—•--•.- • -•- •--- I
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.0005* .0004 7 .00000 .00083 .00077 .00070 .00058 • .00045 .
.00034 .00023 •~.i000* .00000 .OOueb .000*2 .00055 .00~~.1
.0 0 3 2 6  .00018 .0 0010  .0000 2 .00000  .00060 .Q O uS l
.00029 .00015 .00007 .00000 .00000 .00000 .000*0 .00051
.00043 .00029 .00015 .00007 ,~~0000 .00000 .00000

CYDRUS~~1 7
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.000002 .000004 .000006 .000001 .000000 — .000002 — .000002
C YDRDSB2 7

— .000029 — .000023 — .000012 — .000004 .000000 .000000 .0000u0
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APPENDIX D - FLIGHT CONTROL SYSTEM
PROGRAM LISTING

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  **** * * * * * * * * * * * * * * * *
* *

* *

* S M U T I L E  I ) 1 b L T A L  *
* *

* F L 1 I h T  C O N 1 R U L  S Y S 1 L M  *
* *

* *

* * * * *  * ** * * *  ** *  * * * *  * * * ** ** ** * * ** * * * * * * ** * * * * * * * ** * * * * * ** * * * ** * * * ** ** * * *

• SU8R1)UT1N~ S#TLFCS
iM PL iC IT  r4 EA L *4 4 (A .Z )
1N1~~~1M *2 j A 1 , I P I, j0 1 . , IG H
L0b ICAL * 1  D A T A I 3 Y T
CO MMON /A ? i ~A Y 1 / D A I A~~N0M(4U0)
CO MMON /A~4 8 A Y 3 / i ) A T A d Y T ( 1 7)
COMMO N /AkP~AY4/AN( LE (3)
LOGIC AL*1 A UtObF
L0L1I~~AL *1 IL, P4ULO
LOGLC A L *t TU~ ’4COf~D

~t4 U1 ~l A LE N C 1
* (DAr A ~ RO~’(3),AY)
* , (UAT AwN0l ~(44),AL )
*1 (OATA LH4 (9),8~~TA )

* , (D AT A r ~~0M ( 10) ,DSb )
*,(04TA t)ft’(3 (4),OA) *

* , (UATA i ~f(OI~(i5) ,0~.L)
*,(DAT 4WNOf~(37),PRHCSOP)

* , ( O A J  A~ p 4 O 8 ( 1 4 0 )  ,0~~
)

* , (DA1Ar ~R 0R(43 ) ,t)A CM)
( DA T A~df ~Oi~ ( 4 -49) , DL)

* , (OAT A w ~ DR (51),L)8F )

* , (DA TA o k ( 5 5 ) , 1 4I~J E 1 )
*,(O ATA LTh (72),~~M MCSOP)
* , ( 1 ) A T A P ~RD8’ (7 L l ) , M P T A 5UP)
* , (OATAWRDk (79),UZCMD)
a , ( VA 1Api i’~Ok ( 80), W’C Ml))
*,(DA1A ~ RUk(83),UyCM0)
a , (DA TA ~ RDM(04) ,MA C P$ )
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*• (UATAV.WDN( 302),PL )

a, (0AtAvikW~(1o5),UO0T)
a , ( V A TA~ Kl)K ( 10*) , O800Y)
a , (DAT A .~kOM( 109) , MUO1)
a. (uATA ~ RDK (112),5tiMP )

a , ( V A IA .)M( 124-4) , UY ( J L I)

a, ( VA T ( 131), lAS)
a , (OA TA ~ kD H (132 ) ,PJ T CM PAN )

a ,(DAj Anp~Ijp~(3a 0),PjfCM5FK)
a , ( ~)AT AaWUN ( 143) , NOLLPAN )
a, (0ATA ~ WDM ( 146), ~ULLST I~)

a, (DAIA ,.ML)K(154),ILAPCMO)
a , ( V A T A ~~~D R ( 2 0 0 ) , D E M A N)
a , (UA TAMWDW(20 1 ) ,LS PIA PE.)
a , (0ATA ~ ROK (202) ,GPS)
a , ( ~ A T AMkDR (203) , DLMS)

a ,(QA T A IvMV~~(2 O5),PRQO2b )
a , (~)AT AM ROR (207) , GJLT )
*,(DArAnP ~)k(2o9),ET~UM1N )
a , (DA AnWI)W (210),ETMIM )
a, (O ATA *RO1~ (2 11) ,ELFBi~IN)
a, (QATA kL)M(212),ELF8I~)
a , ( OAT Aak OW (213) , ()E. TMPAN )
a, (DAT A v~PWW (214) ,oS13PC ) t .
a , ( O A T A V V R I ) W ( 2 j 6 ) , O S I I X T k S )
a, (DA TAwWUK(21 7 ),t .)LTDS O)
a , ( DA T AnKL)W (218) , DL f IM)

a , (uATA ~ RoR (220),(ilkE)a ,(DA TAnR (gf2l),DETMWNC )
a , ~~~~~~~~~~~~~~~~~~~~~
*, (VATAMWOk(223),DLMSP)
a,(OATAaWOk(224),RTPHI)
a , (VAIA (225) , ~1
a , (OATA. ’~ROK(22b),DJ~~TP)
* , (DAT Aaf4UW (227) ,oCSL)
a , (DATA .v~ OR (228),DCSL)
* , ( D A T A . *dk l )~~(2 d 9 ) , O 0 C T )
a , ( DAT AMWD W (230) , L*CMD)

a , (DAIAMKOW (232),OCSU)
a , (OATAMWD R (233 ) ,OCSLLO )
a , ( l)A T A $N OW ( 2 3 1 4 )  , DC SLM1 )
a ,(VA fA ~~ OW (235),MjDP1CK )
a,(OA TA.~iWD W( 2 3 6) ,K P IT )

*• (DAT A*WUK (239),W )

a , (DA1A ~~RDW(2441) ,DGIHIA)

a , ( V A I A v i  W O I~ ( 2 4 4 3 )  , N1A
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a , (DAI A L)W (244),AIj~~)
a~ ( U A 1 A v ~W 1 ) M ( 2 4 4 S )  ,00LUN)

* ,( U * T A .~lW D W ( 24 4 6 ) , L) 0 L lj A )
*,(OAfAMWUf ~(247),aLPP4MIN)
a , (DA TA ~wWW .4(2q8),ALPMMAX )
a , (L)ATAMkDk (249),GIWLDQCT)
a , (DATA ~ ROk (25Q),P)
a, (uAT A~ ROW(252 ),UATMpffiC)
a ,(oArA L,N (253),pW0024)
a , (DA 1A r ~kOW(254),PkUU25 )
a, (DATAPIWUW (257), PROD2I)
a , ( D A T  A n~ 1)T.~( 258) , P~iUD22)
a , ( DA T A~~W l)R ( 259) ,
*, (DATA ,~R (k(2b0),Pi~0O27)
a,(OA TA p~koR (2b1),SUM21)a~ ( DAT A nI4DN (2*3) , SUM23)
a , (OAIAMRI)R (2614),DCSP)
a ,(VA TA ~ RUk (265),VACMD)
a , (~~A v ~~[)~ (2*6), DA 13DM !
A , (DAlAwW1 )~~(267 ),KDAML1N)
a , (DA 1A.~kOT4(2b8),~~OAM PAR)
a, ( D A T  A v ~s~ OT ~ ( 2* 9) , GRS)

a , ( VA ) A~~4Dp4 (2 71) , GOA )
a , ( UA1~~I*dWD~~( 272) , VAT SUM)
a ,(OArA ~~f4DW(273),Pw0D42)
a ,(DA1Ai ~fl~DW (2713 ),OAtR )
a , (DA TA DR (275),VWPP~M)
a , (DA TAv ~4-L)~~(27b) ,PSTAS)
a , ( U A 1 A w R u ~~

( 27 7) , SUM2U)
*,(VATAV4RDW (278),t )WPHI)

*, (OA jA ~~ VR (279),P~ Oj)29)
a, (DAIAV4WI)W (dbO),30M22)
a , ( T A ~~WD I~ (2bj),GTX)
a , (OATA ~~k D~~(d82), YA~~X FLEV )
a , ( VAT A~~~ D~4- ( 283) , Pk0041)
a , ( VA T A~~~NDk ( 2 8 13)  , GP)
a, (OATA ~’4~ W~(285),GRH)
a , ( VAT A WROW ( 288) , SUM2S)
a , ( D A T A ~~~1)~~(2 8 9 ) , S U M 25S)
a , (~)A I A V ~W() b~ (291), SUM26)
a ,(OAT4~’.4~Ok (29d),P~ OO443)
*,(UAI A 0~4- (293),~~$T AB )a ,(OA TA ~ WuW (294),t3LTAu)
a , ( OAT ( 295) , I~i~ TA F  ILl )
a , ( V AT Rt)i~( 296) , OATMPAN )
*,(DA TAW ~Tt)W(d97),OA IP)
a , ( O A T  A~ W t ) ( 299 )  , PR004 4 )
a , ( V A T  AWWOW (300) , OWl )
a , (L )ATAvwRI )R (S01),DRTMSF)
a , ( u A T A ~~R u 4 ( 3 0 2 ) , O N M S )
a~ ( VAT A~ ROW( 303) , OR TMS )
a ,(VA J A v ~U)R (304),PROD1 )
a ,(OA1A ~~~u~~(30S),SUM1)
a~ ( 0 A T A # ~p4V ,~ ( 3 O b ) , NY P )
a , ( V A T A ~u W O P4 - ( 3 0 7 )  N Y A )
a,(U ATA v ~RUM(308), (iWAV )a , ( D A 1 A D~~(3 0 9) ,~~RO02 )
a ,(DA TA ~ NDW~~310),P’WUD3)
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a , ( O A ) A ~ RQk ( j 14 ),SUM2)

a , ( O A T  A w W U K (  3 13) , DWCPF)
a~ ( 

~A T AP4W()W (314) , Pc VRC )
a~ ( I ) A T A v ~R D W ( 3 1 5 ) , b D W C )
a~ ( DATA s ! , ROR (31 b ) , ( , NYD RM )
a , (UA1A v ~~uM(317),Ok1WW )
*, (OAT A vdP~Uk (31b),~’W0V7)
a ,(O AJA. ~iWDW(319 ), (,TP~W)
a , ([)ATA i~RDP4 (320),DlflRIM)
a~ ( OA T A *~ROR( 321) , SUM3)
a , ( DAT A~dN OW ( 322) , ORCMO )

• a , (DATA wT ~I)W (323 ) ,OACM C )
*, (DATA ~ WU R (3d4),(RXFD)
a , ( DA T AwRL )R ( 325) , GORE )
a~ ( OAT A &W R( 327)  , NR )
a , (UATAOYI (10) ,Pl(JLO)
a , ( l )A 1 A~ Y T  ( 11)~ IC)
a , ( D A T A b Y I ( 3 3 ) , 1 ( J R N C O WD )
*,(~~A TA ~3~ T (44),AUTLft3F)
*,(ANGLL (j),ALF4)
*, (ANGL. L (fl, Pp I I )
a , (ANGLL (3) , IMLIA )
DIMENSiON
aGPST (4),
aALPMMj~-JT (4),
aTA LPP sMAX (4,2),

* G T W E 1 (4)
*1,0387(44),
*KU AMLINT (I4),

ap,RST (44),
a (.,OAC T (4-4),
a(~P7(4),
aGNYDfDI T (44),
*(,RAY 1(4),
*GD WCI (13),
* G I W R I  ( 4-Li

D A T A  L)E(,NA O / 5 7 . 2957795 1/
D A T A  (,PSI/0. 44, 0 , 125 ,2 .0,2 .5/
DATA AL p tiMINT /—4 - 4.0,0.0, .6, .8/
DATA IALPMMA*/20. 0, 15,0,j5,0,30,0,,b,,8,t.5,3.0/
DATA IPcP1T/15. 0,81.S,81.5,60.O,1 .2,3.0,3.5,5.0/
DA T A &,TWLT /1. 0,0.3,10.0, 12.0/
D ATA GUS8T/0 .1 ,0 ,25 ,1 .5,3 .0/
DATA PcOAM L IN I/0.O8,O,93214,U.b, 1,5/
DAT A KL)AMPA NT /0 .0b3b,0,008,0.6, 1.5/
DATA GRST/1, 0,0.25,Q.6,1.5/
DATA GDACI/O .45,2,5,1.15,3.J/
DATA (jPT/10 .0,1,b, 10 .0,445.U/
DATA GNYOWMI/0 .05, o.0l5,250.v,900,O/
DATA ~WA Y T / 10 .0,3.2,2.0,3.0/
DA T A  (,DRCT/1200.0,3800.0, 1.15,5.0/
DATA (,)kW1/U .2,1.0,2,0,b.5)/
DATA VAMA */l0 .0/
DATA PRP1CDtP/1.15/
DA 1A GPWr,CT/u .3/
DATA WP1AU8/1.125/
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DATA NOLO/2.0/
DATA N(4P11/44 .O/
DATA UT~CUT0F~ /1.U/
DATA DPJLTI/0.0/
DATA OLOPL/0,0/
DATA DWJLT1/0,0/
DATA i8D8/0.25/
DATA UAUt3/0 ,2/
DA1A T G J L T 1 2 /0 . 5/
D A T A  T G J ET21 / 5 .0/
DA T A c,WPAN)L/0,5/
DA TA GRPANTL /—O. 5/
DATA (,WRrICIE/0.6/
DA T A  ~WP~MC TL/0 ,2/
DATA M4~1W/1,5/D A T A  ( ,DA/1.0/
DA T A  NZ M A X / 3 . 75/
DA T A  (,VN L/U .0/
DATA NLMIN/ .1,0/
D A T A  L,St38 1/25. O/
DA TA (,StiLU/10.0/
DAT A (PPANT/2.0/
DATA GPP/1.0/
DAT A L1RA / 0 .2/
DATA G/32 .17L4/
DATA ~PTADb/ 1,125/
D A T A  i..DWT I/1.U/
DA TA Yb8F ILT /1,0/
DATA ObI-A06/O,S/
D A T A  1)8Ft~Dd/1 .0/
DATA IcDRMLIN/0 ,0131/
DATA KDW M PAW /0,042/
DATA )tif PlA/ 1,0/
DATA L) BFHB/2 .0/
DATA L Li~At)H/O.9/D A T A  U~ k r4Ob / 1 , 0/
DATA ‘~t.bV8/0.2/
DATA ~j~AD8/0.1/
DATA ‘~~1/1.0/o A T A  NR2/2 .0/
DAT A  to~3/3,0/
DATA 4R4/4 •1)/
DATA t~WCSA / 2.0/
DATA OBFOCS1 /0.0/
DA TA u8fOC /0.0/
DATA (iL025/0.O/
DATA DSbC1 /0 ,0/
D A T A  P~1A i ’iPM1 N/0,0/
DA TA  BCSLN/0.0/
D A TA uFF1L’~/0 ,0/
D A T A  NZ Pi’J 1 ,NZ PN2 / O .0 ,0 .O/
D A T A  P~ O D22N/O . U/
D A T A  PW(JO29~~/0.0/

• D A T A  ~
j
~~T A ~’/0 ,0/

DATA r~YP~~i ,NYPrJ2/0.0,Q,0/
D A T A  PWOU2 N/ 0 .0/
If (IC ) GO TO 1000

3 CO NT IN U E
NY3AV/52,1 74
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NZ :AZ/32. 174-I
Al. PH A AL. F A a DL S AL)
CGPUS:129S. 36*XI3AR+236. 0
P*P900Y*DEGRA ()
Ug0bO~~Y*OLGKAD

W800 V a UEGW At)
SI N AL F ~ SIN (AL F A)
S1NALF 1~~SINALF
IF (SI NAL~ .L1 .0.087155) SINALF1~~0,087155
COSALFZCOS ( ALF A)

* 
SI NPHIISAN (PP41)
COSPMIaCOS (P~11)
COSII-,LT AsCOS ( THE TA)
DEIMPAN~ 0.0
IF (PITCMPAN .GE. 0.5)OL TMPAN 1.O
IF (P1 IC).IPAN .LE,—0.5)DETMPAN*—1 .0
01 TMkl1C~ 0. 0
1F (PITC HST Pc.t1 .0.S)DETMRhC 1.0
!F (PlTCP$STK .L1.0.5)DE1MP*IC~~h1. O
DA TM PA NsO • 0
IF(ROLLPAN .&E.0.5)OATMPAN~~1.0
IF (WULLPAN .LE..0.5)OATMPAN: 1.0
DATM NPIC 0.0
IFO~OLLS 1K .GL.0 .5 ) DA J M W H C : 1 . 0
1Ft ~w uLLSl’~.LE. —u. 5 ) O AT HFTH C~ — 1 . O
owr=o ,o
IF (YAr jIWIM .GL.0.5)V RTS1 .0

• - 1F (Y AM TWI M .LE ..O.S)0Tfl~~~t.0
• UBFMAN~ O.0

D (FLAPC MD.GE.0.5)Dt3FMAN~~1.0
1f (FLAPCMU .LE.0.5)DBFMANZ 1.0

a

* IME FOLLUM1NG SECTiON CALCULAT ES ALL TABL E LOOKUP FUNCT ION VAL UES
a

S~ FUNC1IUN (MACh ,GPST )
GJ L T~~0,0
If ( UBA M • GE.. TGJ~ T 12) ~IJ 1T~~T GJ L 12 1
CALL PO I N T F ( MA C r I ,14, IAI,FRAL,TALPHMAX (1,2 ))
ALPMMAX:T ALPP-4MAX 1 14 1, 1) +( TALP HMAX( IA T+ ),1) — IALPMMAX ( 3A T ,fl )
ALPHMIN:F UNCI ION(MACPI , ALPHM INT)
C ALL PO INT F- (MA CM ,4,IPT,FWAC ,TP (PIT (1,2))
P~Pjl~~1PcPIT (jPT ,1 )+ (tKPIT (1PT+1,l) .TPcPIT (1PT ,1 ))*FWAC
GI UNC )ION (MACH ,SIRLT )
GDS8 FUNCIION (MAC H,GOSE4T)
PcDAMPAW *FUNCT ION (MA C P4 ,PUAMT -’AW T )
Ic UAML IN*FUAdCT I UN ( MA CP$ , PcDAML INT )
GRS :FUNCIION (MACH ,GRST )
GOAC :FUNC I IOPv (MAC,-$ ,GDAC I )
GP fU NCT I (JN (tIBAR,GPI)
GNVL)MM$FLJNC T ION (TAS, GNVDRMT )
( ,WA Y :f t j NCT IUN(MAC PI . G R A V T )
pcDl1C :f UNCI I QN( MACH, SI) MC I)
S IWW FUNC T .IO N ( MAC r I ,STWM T )

a
* P iTC H FCS PROC ESSI NG
a
a DEMSP

DEMANSO
IF (PMMCSOP.LT ,—PHHCOB)DEMAN :PMIICSOPsPWPICO8
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IF (PWP$CSOP .GT .PWP4(.D8)DEMANZPRP4CSUP.PKMCDB
ESHAPEX (0.36,0.O4814aA8S (DEMAN ))aOEM*N
IF (ES HAPE .GT .23.0)~~SM APE~~23.0
IF (ESHAPE.LT .—23.0)ESP1APE~ —23.0DL MS~~L SM APE a 5P3
DL MSP a MS
IF ((MACH ,GT.1.5).ANO .(PKHCSUP.ST,19.5)) I)LMSPZDLMS*2.0

l i T
20 DL T MSPW:OE IMRH C * G PWM CT

IF( IC .O R .HULD) CO 10 29
OETWzf 1LT1 (DLTMG PN, .044,O,0,—1 .O,DLTTTN )
I F ( D E T W .G1 .1.5) DLT Ra1. 5
IF (DL l W .L 1.—1, S) OETR —1 .5

29 CONT INUE
aDPJ ET

DPJE IZ L) EM S P—W
aUYCMO

AHSDPJET:AUS (OPJET )
ND: ND I-s I
I F (A L S S D P J E T . L E .DP CU IOF F)  1~~2~ DLO
CALL T-sysrElT(C4ADB,08 08,OPJET1,DPJEI ,00TDPJET )
DPJET 1~~DPJE1
UY C MD ~N G a QU I DPJE I

- IF ( ( M A C M ,LL .1.5) ,OR . ( u BA W ~ G T .2 0 . 0 ) ) UV C M D~ 0. O
*UYSJET

SO UY GJ ET : G J LT a UV C M D

TAN PhI~~SIN Pt-4 I/C O SPMI
I F ( T A P s P H I ,GT .1 ,0) TANPI - II~~1,0
IF(T ANPPI I .LT .— 1 .0)TAN ~ p1I :—1.0

60 RTPI-si :Ra IANPTiI
• IF (P sOLO ) So TO 62

R TANPH I:f IL) 1(M IPPII, .01961, • 019*1, — , 9608, RTANPH1N)
62 C ON TINUE

aBCSL
IF (MACM .G1 .t.5) RT Ard P,-4I:0,0

70 DJR T P — D P J E . 1 — i T T A N P H I — O E . T R
IF (r4OLD) 50 10 72
BCSLZf- ILl 4 (OJRTP, 1.9615,—i ,$846,— ,9231 ,8CSLN )

72 CO NTI NUE
* DCSLL O

IFthOLD) GD TO 74
DFi~IL~ fiLT1 (I ),.O2988,.O2988,— .992,VFFILN )

7~ CONTIN uE
DCSU:DfF IL*GUM~sGP
DULOA : (A LPHA—ALP HMAX) *GOA
NZA :Ni+1 .6*449*0001
Li- (I-sOLO) GO TO 16
NiP :~- I L T 2 (NL A , .0*4475 , • 1295, .0*475, —i .3094 , ,5683,NZPTI1 ,N ZPN2 )

76 CONTINUE
O DL UN ( NiP —N Z MA X ) * C IJNL
O0LU:t)~~LOA
1F(UULUN .Gl .D U LOA ) DULIJaDULON

80 DC S L L O : D D L O s D CS O
*VCSL pS I

DQPl 1 A :(ALPHA—ALP HMII\4)aGDA
D0~~II~:(NiP~~NLM1N)aGI)NL
OuHI:Ok~,4 1N
IF ( t)UM1A • LE • Vol t  IN) DQHI DUPiIA
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90 DCSLIII:DOHI+DCSW
aMlDplC,(

IF (L)CSLLO .GL .OC SLI1I) GO 10 98
If ( DCSL H1.LT .8CSL. ) CU To 91
GO 10 93

91 1F (VC SL HL .G I . OCS LLO) GO TO 97
GO TO 98

93 IF (BCSL .GL .DCSLLU ) GO TO 98.
GO E U 99

97 MIDP1C Ic:DCSLHI
GO TO 100

98 MIOPICPc:8CSL
GO TO 100

99 M1DpJCKaT)CSLLQ H

aDC SL
• 100 1F (MACPI .ST.1.5)GL) 10 105

OCSLZM1I)P1CIc
• GO T O 110
• 105 IF (D8AR .GT .2.0) GO TO 10*

DCSL:0.0
GO 10 110 - -

1 06 I)CSL~ bCSL
aDUCT

110 CONTiNUE
GDD KP1 T /S 0W1 ((36AM+4 .0)
IF (GDD.GE..b ,O )GOW:6.0
IF (SJ V.LE .O.2)GOQ:0.2
DTJCT :DC SL a 5 LiD

aGT~5[DQC1
ST REVUC I lWE * DUCT
I PS

D5a x1& :V STi PCaGD S8
1F (DSb.SE.30 .0) GO 10 115
DS8XTWS :OSBXTWaGSBLO
GO TO 12 0

115 0 S bXT WS aD S t ~X TW * G S l3P $ i
aOE T P

120 OETPEOE.IMPAN *GPPANT
DETDSB :0513X1WS—DLTP

aLT k 1W
E.TNAM 1N :GTWEL )DCT—O E .IP—U YGJE.I
IF (ZC .OW .rSOLD) GO 10 121
ETWIM ~ FILl1 (E1RIM IN , .04,0.0,—1.0 ,LTWIMN )

121 CONTiNUE
I F ( E T H I M .SE , 2 0 . 0 ) L  IPIM:20,0
IF (E IPIM ,LE,— 35.0)ETRIM2—35.0

aLLF8Ic
ELFBP (IN: (LTh IOSB/GTRE )+VL
IF (IC .OR .HULU) 50 It) 1~~2
TEMP:50.O/ GTiT E
LLFMIc=FILI1 (ELFB ,cIN,i .O/ (TEMPs1.0),L .0/ (TEMP+1 .0),

* (—TEMP-P t .0)/(TLMP+1.0),LLFB,(N)
122 CONTINU E

aOL TR IM
If (MACH ,LE .12 .0) GO TO 125
DE T KIM ZE T RI M
SO TO 130

125 DLTR1r4~ ELFb lc
13 0 CONT INUE
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aDECMD
1 40 DECML)~~OEr PI MsUUCT

IF (DECMV. Gf .20.0) DECMD:20.O
IF (DELMO .L T .— 35,0) OLCMD.—35.0

a
a END (iF PITCH PROCESSING
a
a ROLL FCS PMOCE$SINC ,PAR T I
*
a DAMAN

DA MAN :0 • 0
IF (RPHCS O P .LT .— i • Ibi OAMAN:WWHCSOP$1 .15
jF (Rlts1CSUP .GT.1 ,15) OAMANZRRH CSOP—1.15

a P150021
PRUD2I :DAMANa (KDAMLIN+IcUAMPAN*A 8S (DAMAN ))
IF C PTTU02 1 .  ST • DA M A X ) PkO021 :DAMAX
I F (P550021 .L I .—l )AMAX )PR0021:— DAMAX
IF (PTOLD) GO TO 155
PW0D22:FLLI1(PROO21,,0909,.0909,— ,8162,PR0022N)

155 CONTINUE
*GNS

P k O V 2 S:GW S* i~~U022
1 F (MACI-t.G1 .1.5) Pf50024:I)ATMHMC*.b
If (MA CH ,LE.1.5) PR0024:DAIMRHCa .2
IF (IC,OM .l-SOLD) GO TO 171
PWOD2S:F 1LT 1 (PRQD2 4 -4 , .04, 0,—4 ,s),PROL)25N)

171 CONT iNU E.
IF (P~ OD25.GF .2.5)PPOD25a2.5
IF (PI4-0025.LT.—2.S) PR0025:—2,S
SUM21 ~PMOO25+PROD23
PROU2 1 SUM21 a2.0
IF (P k0D27 • ST  • 10 .0 )PR0027:10,0
IF  C P550027 , LI. — 10 . 0 )  PROD 2 7 :— 10 .0
pROO~~~:PHOD~ 7* S 1NA LF1

* ORPHI
DWPP11 57.3*GaSINPHI*COSIME I A/ lA S
I F ( T U R N C U R ) ) G O T O  1744
DRPHI 0

a DWP&M
1714 DWP~o~~R—t)RPH I

IF (l-IULD) Go 10 178
PH0D29:FILI4 (DPPHM ,,9804,— ,9804,— ,9608,PP0029N)

478 CONT IA S LiE
* GRh

10.0)
L F(GWM .LT..05) GRH:.05
IF (Pi(JLD) GO TO 185
53 ET AFI L T F1LT4 (BETA ,.999,~~.999,

..998,8ETAN)
185 CO NT I NUE

BET A~
j
~ 8E I A F ILl

IF (08AR .Lt.2.0)T3ETAU~ BET A
IF (OB AR .ST .20.0)BEIADaO .0
5UM22:COSALF abE TAW .PR0029*GRH—2aDRPRM
SUM23 PR0026+SUM22

a RSTA8
RST At3 ORPI .SMaCOSA LF— P*SINALF

a PS T A~
PS TA 13:0 H PPM * SIN AL F+P ace SAL F
PS TA8 (,:PSIA~~aGPP
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SU M2M :SUM2 t.PST AbC
DA C M *SUM 24*GOAC

*

* END OF ROLL ,PART I PROCESSING

*

* VAV ’ FCS PROCESSI NG
a

• a ORMAN
DR MA N~ 0 • 0
IF (5TPTASUP,L1 ,—1 • 125) 

UHMAN RPTASO P+l • 125
ZF (RPT ASOP.5T.1.uiS) DNMAN3WP

S0P~~~
hi2S

a DRP~S
220 DPMS:( W M L l N + P c 0 K M P * S~

0kM D

IF (DWMS ,~~l , 22.5) L)WM5222.5

IF (OR MS .LI. .22.5)  ORMSa.22. b

* DRT MS
ORTGO R I)RT*GDRI1
1F (IC.OM .H0L0) GO TO 221

• oR1MSf :FILT1 (DMT R,.04,0,~~~
,0
~
0i
~~~~~~

)

• 221 CONTI NUE
IF (ORTMSF .LT ,_2.U)O~~IMSF~~~2.0
IF (DWlMS~ 

,GT.2.O)DW)MSFZ� .O

URTMSXDRTMSF +~~
Mb

* SUMI
PROD1: G NY DW M * DW T M S
IF(T URNCOR U) GO 10 225
SU M 1~~~PROOl
GOT 02 30

• 225 NyA :Nys~HDOT*1,8b449
1F(HOLD) GO 10 232
NY PfILT2 (NYA, .0 7 5 ~~

,u295
~~

e 0b lSl

230 PWOD2 :FIL1i (SUMt,,0909~~1
0909~

_ 18182~~
MOU2SUM 1aNVP PR0U1

232 CO NTiNUE
a P55003

PH 4J5) 3:5W A V a PROD2
a SUM2

SUM2*PRUD3 HST Ab

* SD1S C
CDRCZKDRC/ (Gl$AR+80)

If (CURL ,GT . 15.0) SDRC:15.U
IF (GDMC .L1.t,2~~

0
~~ ”’2

2314 pw~j~ 5 :SUM2*GDMC
• IF’(MACM .LE. 1.5) GOlD 235

a GDRE (LARLV )
G h.b00.0/ Qb

~~
IF
If (G DRE .L1 ..b.0)GDWLa•6.0

PROD TIGDME*5UM23
ORCPF*Y~~~F ILl 

aPPOD?

jf(MACH .LL. 5.0) 5010 236

PROD7:0.0
ORCPf O.0
GOlD 23*

235 DPCPF :Yb8F1LTa~~
UDS

236 CO NTINUE
a DN TRW

IF (LC.UR. H0LD) 50 10 244
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DR TM IMsI- ILT 1 (DRTRM , , Oa, 0, .1. 0, DRTM IWN)
2’i14 C O NTiNUE

IF (D KTRIM .ST.9.0)DRTKIMB9 .O
if (DRTISLM .LT .—9.O)ORTWIM :—9.O
GRXFU 1SO/U8AR
IF (GMXFD. GT . 1.0) GRXFDaI ,0
i f (SR X FO, LT ..i) GR*FDa.1
O A C MC :0
IF ((MACH .LE .1.5).AND.(IUHNCOMD)) DACMCIGRXFD*OACM
SUM3IONCPF+DRTRIM .OACMC

a DRCMD
IF (SUM3,GT ,22.8) 8UM3a22.8
IF (S UM 3 .Ll. —22.8) SUM3$-22.8
DRC MD S U M3
DRJE IZSUM23
1F (MACrS .GI.1.S) GO TO 262

* D KJET
DRJ E 1 ~u
1F(MAC i4 ,S1.1.O) DlSJLT :GRCSAaSUM2

* NW
a VA
a Y b
262 ABSDRJET :A 8S (UMJET )

If (Db u I5 ,LE.20) so to 2*3
NR :Nkl
1F CA U S I)RJE.T.G 1..5) NR NR2

• 1 F (A B S O R J E . T . G T .1.0) Nl5:NR3
IF (A 8SDRJEE.GT .1.S) NR:NM4
GO 10 2614

263 NR:N PI
I F ( A H S D S - S J L l . G T . . 5 )  NRa NW2

264 YADB:,1
VU0b:.d

• IF(MA CH .G1,1 .5) GO TO 265
YAO8 .5

265 CALL HVSTEM (YA DH ,Y8053,U RJET j,D14JE1,00IL)HJ)
D RJET I:DRJ LT
UZCMU :NfSaOUIOHJ

*
a END OF YA ~ PMOCESSING

* POLL FCS PMUCE.SSING,PAMT 2

* PE
COT ALF :COSALF /SINALF
IF (CU IA LF .51,11.143) CUT ALF :1 1.443
IF (CUTALF .LT ,.11 ,143) COTALF :1 1.43
PE :DPTPRM*CO I ALF.13E TAGT *SINALF—P
A8SPE:AbS(PE)

* YAWX FE.€U
CALL PIYSTER (PEADB,PEBDB,OLDPE, PE,PEOUT )
OLL)PE~~PE

• YA ~jXFEE.O:PEOUT*AbSPL
PROL)41 0 *

IF ( D8 A W ,I.1 .2) PKOD4 1 Z G P * V A # S X F E ( D
* DLsP

I F ( MAC H .Gl.1. 5) GO TO 270
S DA * 2 0 0 / ( U B A M +80 )
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1F( GU A .L.1 . . ) G O A = .1
If (GDA .GT. (1.2/GOA C )) GOA :1.2/GDAC
DCSPL GD A aDA CM
GO TO 275

210 CONTINUE
GDA a ISO /UBAM
IFt GD A .LT. •1) SDA Z .1
IF (GUA .GT.1) GDA:1
DCSPaGOA*PWUL)141

275 CONTINUE
P550044 2aDC a PA

a UXCMD
NP :2
IF ( AB SPE.G l . t )  NP *14
UXCMOaO
IF((UbAR .LE.10 ).AND .(MACH .GT.t.5)) UXCMDa~ PaPL 0UT

* Pk00143
SUM2S SIGN (1.0,UXCMU )—SIGN (1,0,UZCMD)
SUM2SS:SIGN ( 1.0, S0M25)
Ab525 :A535 (80M255)
SUM26:SUM25—0L025
(JL 025:SUM2SS
PRUD 143aSISN ( 1.0, SUM26)*AbS25

* GIX ,PRODLI 44
CT X: 1. 25
IF (MACH .GT ,1O) GTX :50/ (UbAR+1O )
IF (GTX ,LT ,1.2S) GT X:1.25
IF (GTX ,GT .5) GIXaS
pR0044-4apROD43aGTX

* L)ATR
04115:0
IF (MAC H ,LL.1.5) DAT HZPPOD42
IF ((MA cPS .GT.5).AND .(Q6AIS . GT . 2 ) )  DA IR a P Is O O ’ L M

a O A T P
OAT Pa V A IM PA N a .5
IF (MA CP$ .G1.1.5) DATP :— .5*OA TMPAN

a DATSUMI
04 ISUM:OATP+I)A IP
IF (IC. Us5 .PIOLD) GO TO 300
DAISU MI :F1LTI (DAJSUM,.014,0,—1. 0,DATSUMN )

300 CONT INUE
a DACHO

D A C M O Z D C S P + DA T S U M I
IF (L)ACMU.ST .10) OACMO :10
IF (DACMD.LT ,—1 0) DACMO a—i 0

*

* END (iF POLL PROCESSING
a
*
a ACTUATOR PROCESSING FOLLOv~S
a
a OLCDWPS

I)ECDRK;( (I)ECMU .UACMO).DEl5)a20.U

If (UECU RN •LE. .20.0)OECOWR:—20 .0
a DER

‘43 0 DEI5a ,Q 4aOECDRR ,OEM
IF (OE I’T .GE ,20,0)DERad0 . 0
If (L)ER ,LT ..35.U)DE TT .35,O
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a DECD KL
‘433 D€CVNL :(LDECMD+DACMD)—DLL)*20.0

IF CUECDH L.G E ,20 ,O) DLCD MLa2O ,U
IF(L)ECORL.LE.—20,O)OECDRLa 2O •0

a DEL
~4 14 0 DLL:.04-IaDECDRL+DEL

If C DEL ,GT • 2u, 0) 0LLz20.0
IF ( OEL .L t .’35.0)DEL$ 35.O

* DE APSO L)A

* OS13C
£1 50 DS8RC :S6HP—U S6C I

1F(0~
,8PC.Gt.6.1) OS6PC:6,1

IF (UStSPC.LT.-1O.8b) DSS3PC :—1O .86
DS8C 1 zDSbC 1 I- L)SbPC
OS13C:.5*L)SBC1

a OR C O R M
DISCDHR:( (UMcMD. DSbC).DRRP)*10.0
IF (DHCDR P. GE. 10. 0) DRCDRR:10.0
IF (OMCUI.T R ,L T ,.1O .0)DkC0f5 54:.”lU .O

a O R R P
460 DRRP$ .014*OMCDPR+DRRP

IF (ORRP ,GT .5’4.85S ) ORRP:5~~.88
IF (V PMP .LT ..514.88) DRI.5P:.54.88

* URCORL
£163 DW COf (L:((DRLMO OS6C)—t )RLP)*10.0

IF ( OW C OP L .51. 10 ,0 ) DRC ORL:1O.0
If(UISCDHL.L1.—1 0.O)OMCDRLZ 1O .0

a DMLI-~
4-470 DWLPa .04*DtTCOIsL+URLP

1F (DHLP .GT.514.88) DRLP:54.88
I F ( DssL P .L1..~~4 .88) DPLP=—b a ,88

• * 0 W
Dk:(OHRP UMLI’)*O .S

* OSB
DSP~zUMLP—O R 45P

* U8FRC
IF ( Ft~C.~,E.3.0)ObFRCz3.O
IF (OU~-k C.LE..I.0)DBFi5C :—1 .O

* DbF
‘490 OBFEI)I3F+0.O14*DBf MAN

1f(D*P .SE.22.5)D8F:22.b
IF (utS f .L1. — 1 1 .  7 VBfX.11.7

*
a Isl E FULLU~~L NG SECTION IN ITIALIZES ALL INIEGISATOR OUTPUTS AM)
* IN T ER MED IAIE TRANSFE R FUNCTION NODES TO ZE R O.
a

1000 DET Ra LT PI M* EL F8 K:0
PWOO25at)lT TMSF :ORTPIM:0
DATS UM I :Q .O

a T h E TiSANSFEP S FUNCT ION NODES ARE INUIA LIZED hi ZEPO MERE.
*

U~ 1 kN :fl ,~
E.TKIMNsELFBIcN:0
PWOV2SN2L )P1 MSFNIO $IMIMN O. 0

• UAI SUMNX O
CU T O 3
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END
aaa *a *aaa * **a *aa aa *aa****a******a*******a*a****aa*a**a****a**********a**
a a

* F L L T I  *a
a ** **eaa aaa aa *a *aa * * a *aa ****a ****** a *a ***a **a **a **a *aaaa *aaa *aaaa *aaaaa a

FUNCTIO N F 1LT1 (X IN,GX1,C*2,G~~3,XN0DE)
• F !LTI3 XNOUL ,XLNaGX I

XNUUL$X1Na5X2.F IL 11*5*3
RE1 UMN

• END
a a a a a a a a a a a  *a a a a  ****a* **a*aaaa*a **a **aaa **a ****a *aa **a**a *a **a ***a*a*a **
a *

• a F I L T 2  *

* *
*aa*e ** **e****a **aaa * *a a*a a *a a *a a *a a* aa *a a aa a* a a *aa* a ***********a a ***a*a

FU NCTION FZLT2 (XIN ,G X1 ,5A2,5x3,Gx4,GXS,XNUDE 1,XNODE2 )
fILr2 :xiPsaGxl+XNOUEI
XNUOE IzX1N *5X2— fIL T2*5X44+XNUL)€2
XNUL)L2sXiNa(,X3~ fIL 12*6*5
RETU R N
END

• *a aa a *aa *a *aa *aaaa ***aaa **a *aa ** a**a *a ***a *aaaa **aaa **aaaaa*a ****a **a ***

* *

* P I Y S 1 E K  *
* *
*a * *a e *a a a** * *a a * *a * * * * ** *a **a ** *a a ** **a  aa **aa ***a * *  *a***a*aa***aa *a*aaa

SUbROUTIN E siYSTEFS (LIM1,LIM2,AWGTO ,ARCTI,FUNCT )
REAL LIMI,LIM2

a

* IH1S SU13ROUUNE PERFORMS IslE. HYStERESIS FUNCTION USING
* PARAMETERS FROM TilE CA LLING PROGRAM , TI-IL ARGUMENTS ARE AS FOLLUv~S;
*

*
• 

* t.IM1 AND LIM2 APE THE POSIT iVE BREA P PUINI VALUES.
* (LIMI LESS THAN LIM2). IT IS ASSUMED THAT THE FUNC TION
a IS SYM ETHI CAL AbOU T THE ORIGIN.
*

* A P G I O  AND A RGIL APE THE INPU) VALUE S FOR THE T~~O MOi ST

* RECENT TIME FRAMES MITiS A RCh THE MOST RECENT, THE CALLING
a ROUT INE MUST CORRECTLY UPDATE THESE VALU ES bEFORE CALL iNG
a PIVSTE.R .
*
a FUNCT IS THE OUTPUT VALUE RETURNED 10 THE CA LLING PRO5RAM ,
* FUNCT is SET 10 —1, 0, OR .1

• *
a

TtMP1 : Ab S (AR GT1 )
IF (TEMP t — LIM I) 10,20,20

10 FUNd : 0,0
900 RETURN
20 IF ( IEs4P1 • LIM2 ) 40,30,30
30 IF ( AR ST1 ) *0,50,50
50 F U r ~cr 3 1.0

CC) 10 900
60 FUNd a — 1 . 0

GO 10 900
£40 IF C AR Ch ) 80 ,70 ,70

a
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a ~~~~~ p-j e sS E ~f iNPU T j5 bET~~E~~s~ •LIMI A NSi •LIMZ ,
* CHECK PREV IOUS INPUT VALUE AND SET FUNd ACCORDINGLY OP
* LEAVE IT UNCHANGED.
*

~O If C A R G J O  + LIM I 3 900, 900 , 10
a
a (()M~ HIRE. IF INPUT IS HE1*EEN L IM L AM) L1M2 .
* CHECK PREvIOUS INPUT VALUE.
a

70 II- A PGIu — L1M1 3 10,900,900
IN I)

a a* a  aaaaaa **-*a**a*** ******************a****a**a*****************a****a
a *

* F U N C I I 0 14 *

* *
• a a a a * a a a a a * a * a a  *aa*aa*aaa*aa********* a**a**aa******************a****a*

C ‘FUNCTION ’ IS USED TO DETERM INE THE OUTPUT OF A FUNCTIO N SCHE~)ULE TH A I
C HAS MIs4 LMLJ M ,MA X .LMUM , AN D lu ~TER M E1iJA TE LIN EAR VALU ES, THE F UNCTION

C SCHEDULE CA N HAVE . A MA XiMUM OF 1~~O bR EAKPO iNTS . TA13L€ (3) IS THE.

• C SMA LLEST AW L,UMLNT t3 14 -EA Ic PO1ASI VALUE ANt) IAbL E (4-4) IS THE LARGEST .
C IA 13LE (1 ) IS THE UuIs-’UT VALUE Fu’ It-si CORRESPONDIN G JA 13LI (3) (SMALL)
C ARGU M ENT A~~L~ IA5 ~LI(2) IS T HE CURRI-SPUNUINL’ VALUE FUR THE . T AB L E ( 4 4 )
C ( LARG E ) A MS UM E N I ,

F UNC TION FoNCTION (A kG,TAb LE )
VIM EN S IUN 1A 13LE(~~)
1F(ARt ,.G1 .1At ~LE. (3))GOT 03000
FUN C ILUN Z1A H LL (1 )
5010 3u02

3000 IF (AI4-G .LT .1A 5 3LE.(44))GOTO 3001
FUNCT 1ON :TAHL~~(2)
GO IU 3002

3001 FUNC1IOI~4 a ) A b L E ( 1 ) + ( A R G . I A 1 3L E ( 3 ) ) a ( ( T A b L E ( 2 ) 1A t 3 L E ( 1 ) ) / ( T A H L E ( U ) .
aTAbLE (3)))

3002 RETURN
*****aaaa **a**a*aa***aaa*a*aaaaa**a**aa*a*a******a****a*****a*******a*
****aaa******* **a* aa*aaaaaaaa**a*a*a******aa***a*aa*a*****aa*********a

**
** **

**** *a ** * a aa *  a **aa *a *aa *a aaaa *****aa ** * * * * * a * * a  a * a a a a a * * * * * a * * * * * * a a * *
END
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